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A bstract
M ultifrequency d a ta  for a sample of 35 newly identified Ac­
tive Galactic Nuclei (AGN) from the High Energy Astronomy Observa­
tory (HEAO-1) all-sky survey are presented. The sample is comprised of 
24 Seyfert 1 galaxies, 8 quasars and 3 BL Lacertae objects, with 0.01 <  z < 
0.24 and 14 <  V  < 1 7  mag. The discoveries of 13 of the emission-line AGN 
and one BL Lac object are described in detail. The broad-band Spectral 
Energy Distributions (SED) are constructed from X-ray, ultraviolet, optical, 
near-infrared, far-infrared and radio m easurem ents and a num ber of param ­
eters relating to  the basic emission components of the AGN are derived.
The SED of the m ajority  of objects exhibit three emission com­
ponents: an infrared -  X-ray power-law, an optical -  ultraviolet excess above 
the power-law (big blue bum p) and a radio component th a t is distinct from 
the infrared -  X-ray energy distribution. The near and far-infrared colour 
distributions are generally consistent with a nontherm al origin and strong 
correlations between bo th  the near and far-infrared luminosities and the in­
frared and X-ray luminosities supports the conclusion. The radio emission 
appears to be unconnected to  the infrared -  X-ray power-law.
The distribution of the infrared -  X-ray power-law indices, defined 
by /„  oc i/- " ’1, is rem arkably uniform  w ith o ,x =  1.03±0.15. The distribution 
argues for a common nontherm al continuum  component operating over 6 
decades of energy in all AGN.
The big blue bum p properties of the sample are investigated. We 
find a wide range of behaviour in striking contrast to the uniformity of the 
underlying infrared -  X-ray power-law index. We define the excess over the 
power-law by the param eter B40 which succeeds in separating objects into 
extreme, in term ediate and no-bum p classes. This is first study to consider
the bump properties of a sample of objects in a quantatative manner. The 
8 objects with extreme big bumps are found to have the highest X-ray and 
H/7 luminosities of the sample. The bump acts as an additional source of 
ionizing photons to the underlying power-law continuum which are efficient at 
producing H/+ The correlation between the big bump and X-ray luminosity 
may arise if the X-ray radiation directly produces the bump luminosity, for 
example by the heating of a accretion disk.
We investigate a number of emission-line correlations and find 
strong relationships between X-ray luminosity and both Hß  and [0 III] lu­
minosity, with the Hß  -  X-ray relation being the tighter. The EW of Fe II 
is found to decrease with increasing FWHM of Hß  which may indicate tha t 
the Fe II is being collisionally de-excited. In addition we extend a previous 
study of the X-ray spectral and Fe II properties of AGN and find support for 
a correlation between softer X-ray spectra and larger Fe Il/H/L
The broad-band spectrum  of the quasar H0557—503 is investigated 
in detail. The object possesses an extreme big blue bump which we model 
as the emission from an optically thick, geometrically thin, classical steady- 
state  accretion disk. X-ray spectra from EX OS A T  and ultraviolet spectra 
from IUE offer the most convincing evidence for a big blue bump tha t ex­
tends from optical to X-ray energies. The data constrain the model to re­
quire highly super-Eddington luminosities corresponding to very low black- 
hole masses (~  107 M@) and high accretion rates (~  100 M@ yr_1). The data 
seriously challenge the current models for the big blue bump.
We detail the discovery and spectral analysis of the BL Lac ob­
ject H I722+119. The object is the first example of an X-ray selected BL Lac 
object to exhibit a high degree of fractional polarization (~  17%). The polar­
ization is strongly wavelength dependent, increasing from infrared to optical 
wavelengths. The object may be the first example of a “transition” object 
between radio and X-ray selected BL Lac objects. The broad-band spectrum  
of H I722+119 is analysed in the context of the SSC framework and we suggest 
tha t relativistic boosting may not be im portant in this object.
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11. In tro d u c tio n
1.1 T h e  H EA O -1 Id en tific a tio n  P ro g ra m
Surveys of the celestial sphere at non-optical wavelengths have resulted in great 
advances in our understanding of both galactic and extragalactic phenomena. 
The earliest surveys were made at radio wavelengths and included the Parkes 
and Cambridge surveys (Wall et al. 1971; Bennett 1962). Identification of 
the optical counterparts of these sources led to the discovery of QSOs and 
radio galaxies. More recently, the all-sky survey of the Infrared Astronomical 
Satellite (IRAS; Neugebauer et al. 1984) provided a picture of the far-infrared 
(12 fim  -  100 /Im) sky. Results from these data included the discovery of dis­
crete bands of emission girdling the solar system, probable protostars which 
allowed a greater understanding of the formation of low mass stars, the diffuse 
galactic emission and a new class of “super luminous” infrared galaxy emit­
ting greater than 95% of their luminosity in the infrared (see Beichman 1987, 
Soifer et al. 1987 and references therein). In the ultraviolet, the International 
Ultraviolet Explorer (IUE), whilst not a survey instrument, has contributed to 
many areas including cometary comae (Bertaux et al. 1973), high excitation 
stellar atmospheric physics (e.g., Jordan and Linsky 1987) and our understand­
ing of the broad-band continua of Active Galactic Nuclei (AGN; e.g., Malkan 
1983).
At hard (2 — 10 keV) X-ray wavelengths, the 842 sources detected 
by the Large Area Sky Survey (LASS) instrument onboard the first High En­
ergy Astronomy Observatory (HEAO-1) satellite, represent the most recent, 
complete and sensitive all-sky survey. The identification of the optical coun­
terparts to these sources was made difficult by the poor positional constraints 
provided by the X-ray data and required additional broad-band techniques. 
A collaborative program commenced in 1983 between researchers at the Aus­
tralian National University (ANU), the Massachusetts Institute of Technology 
(MIT) and the Harvard-Smithsonian Center for Astrophysics (CfA), has to 
date identified the optical counterparts of ~  600 sources utilizing X-ray data
2from the Modulation Collimator (MC) and LASS experiments of HEAO-1, 
together with a UV-excess search method. Of the identified sources, > 100 
were previously unknown objects and included both galactic and extragalactic 
objects. The work presented in this thesis stems from the program and focuses 
on the discovery and broad-band spectral properties of 35 previously unknown 
AGN (hereafter “the sample'’).
The most fundamental question in AGN research remains the origin 
of the enormous luminosity emitted across the electromagnetic spectrum, from 
radio to X-ray frequencies. Variability studies of AGN at different frequencies 
suggest that the higher frequency radiation originates from a smaller spatial re­
gion than the lower frequency emission and has prompted a “standard” model 
where radiation of progressively lower frequency arises from regions of increas­
ing spatial extent. We are motivated to study the broad-band continuum of 
a sample of hard X-ray selected AGN in order to test, at a basic level, the 
relationship between the X-ray emission and associated underlying power-law 
energy distribution, and the processes at other (lower) frequencies. The AGN 
from the HEAO-1 survey represent the brightest examples of their class and 
are ideal for multiwavelength study.
The discovery of 44 new AGN resulting from the identification pro­
gram have been published in three papers: Remillard et al. (1986; hereafter 
Paper I), Remillard et al. (1989a; hereafter Paper II) and Brissenden et al. 
(1989a; hereafter Paper III). The discovery of five BL Lacertae objects have 
been presented separately (Remillard et al. 1989b; Brissenden et al. 1990). 
Preliminary results of this study have been presented by Brissenden et al. 
1987, Brissenden et al. 1989c and Remillard et al. 1988.
1.2 O utline o f the Thesis
The thesis is divided into three broad sections: Chapters 1 and 2 describe the 
identification technique and discovery of 13 AGN in the sample, Chapters 3- 
5 deal with the broad-band spectra of AGN and give statistical results from 
the analysis of the sample, Chapters 6 and 7 are a detailed study of two well 
observed objects which highlight broad-band features identified in the earlier
3chapters. A final chapter presents conclusions and suggestions for future work. 
The contents of each chapter are described in more detail below.
In the remainder of this chapter we review the HEAO-1 mission, 
the instruments carried and surveys conducted (§1.3), describe the optical 
identification technique (§1.4) and review the classes of X-ray source detected 
by the HEAO-1 and previous missions. Chapter 2 (Paper III) describes the 
discovery and classification of thirteen AGN included in the sample.
A review of multiwavelength observations of AGN is presented in 
Chapter 3, with emphasis placed on the interpretation of the broad-band con- 
tinua. In Chapter 4 we give the multiwavelength data for the sample AGN 
including optical spectra, optical photometry, near-infrared photometry, IRAS 
data, radio flux and spectral measurements, ultraviolet spectra (in some cases) 
and X-ray fluxes. Polarization data are given for ~  30% of the sample and we 
present line flux and width measurements for selected emission lines derived 
from the optical and ultraviolet spectra. In one appendix, commonly used 
formulae are listed and in a second appendix we present optical spectra and 
some multi wavelength data for 24 emission line objects (mainly H II regions 
and high redshift QSOs) discovered serendipitously during the program.
In Chapter 5 the broad-band spectra of the full sample of AGN 
are constructed and various emission components identified. A number of 
parameters based on the deconvolution of the components are derived for each 
object and their relationships with the underlying emission mechanisms and 
other basic properties of the AGN, investigated.
Chapter 6 contains a detailed analysis of the broad-band spectrum 
of the QSO H0557—503. Particular attention is paid to the high quality X-ray 
and UV spectra available for the object, in the context of current accretion 
disk models for the UV -  X-ray excess or i4big blue bump”. Chapter 7 is the 
paper “H1722+119: A Highly Polarized X-ray Selected BL Lacertae Object” . 
In addition to describing the observations leading to the BL Lac classification, 
calculations are made within the framework of the Synchrotron Self Compton 
model to show that relativistic boosting may not be important in the object.
In the final chapter we summarize the major results of the thesis
4and consider in particular, the impact of the next generation of space based 
missions on multiwavelength studies of AGN.
1.3 T h e  H EA O -1 M ission
Since the discovery of X-rays from outside the solar system (Giacconi et al. 
1962) and the early balloon experiments, there have been two phases in the 
development of X-ray astronomy. The first phase comprised a series of non­
imaging low earth-orbit satellites ( UHURU, SAS-3, Ariel V, OSO-8, Vela) 
carrying proportional counter experiments and culminating with the HEAO-1 
mission in 1978-9. These missions carried scanning experiments and made all­
sky surveys. The second phase commenced after HEAO-1 with satellites such 
as HEAO-2 (Einstein Observatory), EXOSAT, TENMA and GING A which 
had pointing capabilities and carried both imaging and spectroscopic experi­
ments covering a variety of energy ranges. These missions have provided the 
most detailed understanding of the X-ray emission mechanisms in individual 
objects however, since none of the missions after HEAO-1 performed an all­
sky survey, the 842 sources detected by the LASS experiment (2 — 10 keV) 
constitute the most sensitive all-sky survey of the X-ray sky.
The HEAO-1 satellite was launched on August 12, 1977 and made 
3 complete scans of the sky during the 17 months of operation. The satellite 
carried four experiments denoted A1-A41.
A l The LASS experiment consisted of 7 proportional counters sensitive to 
the energy range 1 —20 keV. The all-sky survey detected 842 sources 
with a flux greater than 0.22 /zJy at 5.2 keV (Wood et al. 1984) while 
utilizing only the first of 3 celestial scans by the observatory. The LASS 
produced error boxes between 0.01 and 1 degree2 as a function of X- 
ray flux. The positions of the fainter sources were poorly constrained 
and identification of the optical counterpart was very difficult without 
information from other detections (e.g., from the MC experiment or from 
the X-ray images provided by the Einstein or EXOSAT Observatories).
xThe “A” component of the experiment names derived historically from the satellite’s 
original designation, HEAO-A.
5A2 The experiment consisted of 6 multilayer proportional counters, and was 
less sensitive than A1 but covered a broader energy range, 0.2 — 60 keV, 
and allowed low-resolution X-ray spectroscopy (Marshall et al. 1979; Pic- 
cinotti et al. 1982; Nugent et al. 1983). The subgroup of extragalactic 
sources from the survey (Piccinotti et al. 1982) forms a complete sample 
of the 89 brightest X-ray sources at high galactic latitude. We use the 
subset of ~  30 AGN contained within the Piccinotti et aL sample to 
extend the X-ray flux range of our sample AGN (see Chapter 5). The 
Piccinotti et al. AGN have been the target of an independent multiwave­
length study (Carleton et al. 1987; Unger et al. 1987).
A3 The Modulation Collimator experiment consisted of two banks of argon 
filled proportional counters (MCI and MC2) sensitive to the energy range 
1 — 13 keV. Each bank was covered with layered grids of wires which 
modulated incoming X-rays as the detectors scanned across the source. 
A set of positional bands for each detector is derived from the phase of 
the detected transmission peaks. Since the grids of wires producing the 
modulation were rotated by 20°, the allowed positional bands intersected, 
producing a multiplicity of parallelograms (or “diamonds”). The error 
diamonds had a maximum size of P x 4' at a confidence level of 90%. 
When combined with detections from the LASS experiment, the MC 
positions reduce the search area for the optical counterpart typically by 
a factor of 40 (the counterpart was expected to be within one of these 
diamonds). This was one of the important criteria for the optical searches 
conducted by the ANU/MIT/CfA collaboration.
A4 The instrument, comprised of 7 scintillation counters, detected high energy 
X-rays and low energy gamma-rays in the range 13 — 2300 keV and the 
resulting ~  70 sources have been catalogued by Levine et al. (1984).
1.4 T h e  O p tica l Id en tif ic a tio n  T echn ique
The majority of unidentified HEAO-1 sources are the faint (< 6 a) detections 
and their positions are poorly constrained by the X-ray data from any one ex­
periment. The combination of the data from all the experiments that detected
6the source substantially reduces the search area for the optical counterpart, 
however wide field techniques are still required. As a preliminary to the op­
tical identification technique, the MC diamond positions are combined with 
the LASS error box and the error regions from other surveys such as UHURU 
and Ariel V, to produce an X-ray “map”. There were typically between 6 and 
40 MC diamonds lying within, or close to the LASS error box.
The identification technique comprised four steps2:
1. The available catalogues (~  80) containing known X-ray emitting classes 
were searched for objects positionally coincident with allowed X-ray po­
sitions. The procedure sometimes resulted in the identification.
2. The Palomar Observatory Sky Survey (POSS) or European Southern 
Observatory (ESO) sky survey plates were examined for obvious can­
didates (prominent galaxies, clusters of galaxies, bright [V < 10] stars 
etc.).
3. Ultraviolet excess is a well established characteristic of both galactic 
(Bradt and McClintock 1983) and extragalactic X-ray sources (e.g., Stein 
et al. 1976) and we used this property to select candidate objects. A 
U- and B- double-exposed Schmidt plate centered on the LASS error 
box was taken with either the KPNO, CTIO, Uppsala or UK Schmidt 
telescopes. The resulting pairs of U/B images were examined for UV- 
excess objects lying in an MC diamond and near the LASS error box. 
There were typically 3 —5 such objects that were considered as candidates 
for spectroscopic observation.
4. Spectroscopic observations were made to classify the candidate objects, 
and fully assess their candidacy as optical counterparts.
The probability that a given candidate object was the X-ray source 
was evaluated by considering: (1) the position relative to X-ray positional 
constraints, (2) the significance of the X-ray detection, (3) spectral classifi­
cation, (4) implied Lx/Lopt relative to others in the class and (5) probability
2Full details of the identification technique are given in Remillard (1985) and Paper I.
and chance encounter (Remillard 1985). Based on these factors, objects were 
assigned a grade: an “A” indicated that all the criteria were satisfied and the 
identification was very probable and a UB” that the optical evidence supported 
the identification but the X-ray data were not conclusive in constraining the 
position3.
1.5 T h e  C lasses o f  X -ray  Source
The number of identified X-ray sources increased rapidly with the higher po­
sitional accuracy of the the modulation collimator and imaging experiments 
flown on HEAO-1 and subsequent missions. By 1983, 20 years after the discov­
ery of X-rays from outside the solar system, only ~  95 galactic and ~  100 ex- 
tragalactic sources had been optically identified (Bradt and McClintock 1983; 
Piccinotti et al. 1982). However, by 1988 with the identification of the HEAO- 
1 sources from this program and the serendipitous objects resulting from the 
Einstein and EXOSAT missions (§3.2), ~  1000 galactic and ~  800 extragalac- 
tic sources had been optically identified4 *.
The division of X-ray sources into galactic and extragalactic seems 
a natural one. Extragalactic sources are generally much more luminous than 
galactic objects and while we might expect to observe some galactic phenomena 
in nearby galaxies, on the whole, we expect to detect different types of objects. 
Taking a physical approach, we find that X-rays, which are photons in the 
energy range 0.1 — 200 keV, are produced either thermally or non-thermally 
and that these mechanisms are observed in both galactic and extragalactic 
sources. Thermal X-rays are produced at temperatures > 106 K and indicate 
the presence of hot gas. Non-thermal X-rays are thought to be produced by 
the release of gravitational potential energy (in the accretion process) or by 
the synchrotron radiation process, and are the most likely source of luminosity 
in the majority of identified X-ray sources.
3A third “C” classification for possible identifications was also used but none of the 
objects considered in this thesis fell into that category.
4Caution must be exercised when making comparisons between objects detected during
these missions because of the different energy ranges, sensitivities and sky coverage.
31.5.1 T he G alactic Sources
Galactic X-ray sources may be separated into four broad classes: isolated stars, 
binary systems, supernova remnants (SNR) and the hot interstellar medium 
(e.g., Bradt and McClintock 1983). Of these, only objects from the first two 
classes contributed to the HEAO-1 MC detections since they are point sources. 
Diffuse sources such as SNR are better detected by imaging experiments.
Isolated Stars Observations of soft X-rays with the Einstein Observatory 
have shown that all stars emit X-rays at some level (Vaiana et al. 1981). 
Thermal X-rays from relatively close normal stars with active chromo­
spheres or coronae account for many of the galactic detections by HEAO- 
1. Also, soft emission has been detected from the surfaces of White 
Dwarfs.
Binary Systems The source of X-rays detected from accreting binary sys­
tems is thought to be the accretion of gas from a “normal” companion 
onto either the surface or an accretion disk of the accreting (primary) 
star. The systems with the most massive (> 20 M©) companion stars 
are the high mass X-ray binaries (HMXB) in which mass from an early 
type star accretes onto a neutron star. The two stars are in close prox­
imity with rotation periods commonly days -  weeks and material flows 
continuously either through the Roche Lobe’s inner Lagrangian Point 
or via a substantial stellar wind. The optical light output is dominated 
by the early type companion in these systems. The strongest evidence 
for galactic black hole candidates have come from the observation of the 
low mass X-ray binary (LMXB) X-ray nova A0620—00 (McClintock and 
Remillard 1986) and the HMXB systems Cyg X-l (Bolton 1975), LMC 
X-3 (Cowley et al. 1983) and LMC X-l (Huchings et al. 1983).
Be star binary systems are neutron stars with lower mass (< 20 Af©) 
companions in less tight orbits with periods of weeks -  years (e.g., Corbet 
1986). The transient nature of the X-ray emission observed from Be stars 
is probably due to the spasmodic rate of mass transfer caused either 
by shell ejection from the Be star or by Roche Lobe overflow during 
perihelion passage in a highly eccentric orbit.
9Neutron stars in binary orbit with low mass (< 2 M0 ) stars are classified 
as LMXB. The companion stars are older and the space distribution is 
correspondingly different from the HMXB and Be systems, the latter 
being confined mainly to the galactic plane and the former to the galactic 
bulge.
The final class of accreting binary sources are Cataclysmic Variables 
(CV) in which a low mass (< 1 M0 ) red dwarf loses mass to an accreting 
white dwarf. The systems are tightly bound with orbital periods in the 
range hours -  days. CVs are divided into two subgroups: magnetic 
and non-magnetic (white dwarf), with different accretion mechanisms 
operating in each case. In non-magnetic cases material falls onto an 
accretion disk whilst in magnetic CVs magnetic confinement of material 
at the polar caps of the white dwarf results in the emission of a hard 
thermal bremsstrahlung component (e.g., Livio and Shaviv 1983; Mason 
1985).
Normal stars were generally not detected in the hard (2 — 10 keV) range of 
HEAO-1 unless they exhibited an exceptional amount of coronal activity. 
The RS Canum Venaticorum (RSCVn) binary systems contain late-type 
primary stars (G-K sub-dwarfs) which emit X-rays through enhanced 
coronal activity (Walter, Charles and Bowyer 1980; Walter and Bowyer 
1981). Other related X-ray emitting objects include the W UMa and 
BY Dra binaries, FK Comae stars and dMe stars.
Supernova Remnants The X-ray emission from supernova remnants arises 
from thermal emission from very hot gas (T = 106 — 107 K). Imaging 
of SNR revealed that in most cases the X-ray morphology was closely 
related to the radio morphology, including the shell-like structure seen in 
the Kepler, Tycho and Cass A SNR (e.g., see Danziger and Gorenstein 
1983). Abundance observations made at the X-ray wavelengths have 
placed constraints on the type and mass of the progenitor star (e.g., 
Canizares and Winkler 1981).
Hot Interstellar M edium The hot ISM was unknown before X-ray obser­
vations at soft (0.10 — 0.028 keV) energies (Marshall and Clarke 1984). 
In addition there is an isotropic, hard X-ray background — the origin of 
which remains unknown (e.g., Boldt 1987).
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TABLE 1
Galactic X-ray Sources
Physical Class Subclassification log(Lx/Lopt)a
Isolated Stars  
Stellar Coronae The Sun —7 to —6
Normal Stars —3 to —7
B inary  System s
Accretion onto a Neutron star Massive X-ray Binaries —5 to +1
Be stars —5 to -(-1
Low Mass X-ray Binaries + 1 to +4
Accretion onto a white dwarf Cataclysmic Variables —3 to -(-1
Active Stellar Coronae RS CVn stars —3 to —1
Supernova R em nan ts Old and Young ?
H ot In terstellar M edium —
a The X-ray to optical luminosity ratio, where Lopt is the 3000 A -  
7000 A optical luminosity.
In Table 1 we summarize the classification of galactic X-ray sources. 
In addition to the physical description of the source we list the ratio of the X- 
ray to optical luminosity Lx/Lopt, a distance independent measure of the X-ray 
efficiency. Lx is the 2 — 10 keV luminosity and Lopt is the optical luminosity 
integrated between 3000 A and 7000 A.
1.5.2 T he E xtragalactic Sources
The X-ray sources identified with extragalactic objects falls into three cate­
gories: normal galactic sources in external galaxies, Active Galactic Nuclei and 
clusters of galaxies. The galactic sources detected in external galaxies (mainly 
nearby galaxies such as the Magellanic Clouds) have been discussed above and 
the X-ray properties of AGN will be discussed in detail in §3.2.
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TABLE 2
Extragalactic X-ray Sources
Physical Class Subclassification lo g (W L opt)a
Galactic Sources in Accreting Binaries
External Galaxies'0 Globular Clusters —4 to —5
Supernova Rem nants
Active Galactic Nuclei QSO’s — 1 to -(-1
Seyfert 1 galaxies — 1 to T l
Seyfert 2 galaxies —3 to —1
other emission linec —4 to 0
BL Lacertae Objects —2 to -pi
Groups and Clusters rich and poor;
of Galaxies with and w ithout CD —3 to —1
a The X-ray to optical luminosity ratio, where Lopt is the 3000 Ä -  
7000 Ä optical luminosity.
b The range given is with respect to the galaxy as a whole. 
c Emission line galaxies including LINER’s and HEXELG’s.
The hot, ionized, diffuse intracluster gas associated with groups and 
clusters of galaxies is produced by the therm al brem sstrahlung mechanism at 
energies E < 10 keV. The presence of the gas was unknown before X-ray 
observations (Forman and Jones 1982) and has resulted in the discovery of 
cooling flows (Fabian, Nulsen and Canizares 1984).
We summarize the basic types of extragalactic X-ray sources in 
Table 2 (taken from Remillard 1985) and give the X-ray to optical luminosity 
ratio  range typical for the class as in Table 1.
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2. T h ir te e n  N ew  X -ra y  S e le c te d  A G N  
F ro m  th e  H E A O -1  A ll-sk y  S u rv e y
This chapter is a paper submitted to the Astrophysical Journal de­
scribing the identification of thirteen AGN as optical counterparts to previously 
unidentified HEAO-1 X-ray sources. All the AGN reported in the chapter are 
included in the sample studied in this thesis. We present the work here to 
demonstrate the mechanics of the identification process as a precursor to the 
multifrequency observations and analysis contained in Chapters 4-7.
2.1 A b s tra c t
We report the discovery of thirteen new AGN detected by the Modulation 
Collimator experiment onboard the HEAO-1 satellite during its all-sky survey 
in 1977-78. The AGN (8 Seyfert 1 galaxies and 5 QSOs) have redshifts in 
the range 0.018 < z < 0.143 and V magnitudes 14.3 < V < 18.0. One of 
the Seyfert 1 galaxies lies within 3° of the galactic plane and is consequently 
highly reddened with V ~  19. The AGN possess X-ray luminosities (2-10 
keV) in the range 40.0 < log(Lx) < 43.5 erg s-1 and a mean optical to X-ray 
spectral index of ßox = 1.06 ±  0.16. A wide variety of emission line behaviour 
is exhibited by the AGN with the equivalent width and full-width at half­
maximum of \lß  in the range 31 < EW < 185 Ä and 1400 < FWHM < 
14600 km s-1 respectively. Emission line ratios for selected lines are presented. 
Radio observations indicate that only one of the AGN (a QSO) has substantial 
radio emission with a flux density of 70 ±  3 mJy at 8.4 GHz and an inverted 
spectrum with index a = —0.48 (/„ oc v~a). Four of the seven AGN observed 
with the VLA were detected.
This paper is the third reporting newly discovered AGN from the 
present HEAO-1 identification program, and brings the total to 44 new objects.
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2.2 In tro d u c tio n
The Large Area Sky Survey (LASS) instrument carried by the first High Energy 
Astronomy Observatory (HEAO-1) detected 842 X-ray sources above a flux 
limit of 0.22 /iJy at 5.2 keV (5.2 x 10-12 ergcm_2s_1 in the 2 — 10 keV energy 
band assuming a Crab-like spectrum; Wood et al. 1984). The LASS detections 
constitute the most sensitive all-sky X-ray survey available and identifying the 
optical counterparts of these sources is thus of great importance. However, 
many of the fainter (< 10 //Jy) sources remain unidentified because of the poor 
constraints placed on their celestial positions by the LASS and other HEAO-1 
instruments. We use data from the Modulation Collimator (MC) experiment 
(Gursky et al. 1978), LASS and other X-ray telescopes when available (e.g. 
Einstein, EXOSAT) to reduce the search area for optical counterparts, and 
apply UV-excess techniques to select candidate optical counterparts.
X-ray surveys have proved a rich source for Active Galactic Nuclei 
(AGN: Seyfert 1 galaxies, QSOs and BL Lacertae objects) with many hun­
dreds being identified with sources detected serendipitously by the Einstein 
Observatory (Medium Sensitivity Survey -  MSS, Maccacaro et al. 1982; Ex­
tended MSS -  EMSS; Gioia et al. 1988) and EXOSAT (Giommi et al. 1988). 
However, these surveys covered only a small portion of the sky (3% for the 
EMSS), were carried out at low energy (0.3 — 3.5 keV for MSS and EMSS, 
0.05 — 2 keV for EXOSAT) and due to their greater sensitivity, led to the iden­
tification of faint AGN. The HEAO-1 sources were detected in the 2 — 10 keV 
band and suffer virtually no extinction at high (|6| > 20°) galactic latitude. 
They have typically 10 — 100 times the X-ray flux of Einstein sources and have 
correspondingly higher fluxes at other wavelengths, making them amongst the 
brightest examples of their class and more amenable to detailed study.
The sources detected by the HE AO A2 experiment (Piccinotti et 
al. 1982) are a subset of the HEAO-1 LASS catalog and the 35 AGN contained 
within the A2 sample have now been fully identified with optical counterparts 
(Unger et al. 1987). Unger et al. detected all the A2 AGN (a complete, all­
sky sample) at radio frequencies and found a continuum of ‘radio-loudness’ 
(measured relative to the X-ray emission with a radio to X-ray spectral index) 
rather than two distinct classes of radio-loud and radio-quiet AGN.
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In this, the third paper reporting the discovery of new AGN from 
the program, we present basic observational parameters of 8 Seyfert 1 (Sy 1) 
galaxies and 5 QSOs, bringing the total to 35 new AGN (Remillard et al. 1986, 
hereafter Paper I; Remillard et al. 1989a, hereafter Paper II). The discovery of 
five BL Lacertae objects has been reported separately (Remillard et al. 1989b, 
Brissenden et al. 1990). The results of a multiband study of the 35 AGN will 
be presented by Brissenden (1989). In addition to X-ray diagrams, optical 
spectra, selected line ratios and some optical and infrared photometry, we 
present radio measurements of the AGN and make comparisons with the work 
of Unger et al. Two of the AGN (H0419—477 and H2044—032) have been 
reported previously by Brissenden et al. (1987) but without optical spectra 
or X-ray data. Throughout the paper1 we assume Ho = 50 km s-1 Mpc-1 and 
qo = 0.
2.3 X-ray P ositions and Identifications
The MC experiment (Gursky et al. 1978; Schwartz et al. 1978) was described in 
some detail in Chapter 1 (§1.3). Briefly, the instrument consisted of two banks 
of proportional counters (MCI and MC2) each covered by grids of parallel wires 
rotated 20° relative to each other, one set more finely spaced than the other. 
As the instrument scanned over the source, the wires modulated the detected 
X-ray signal producing a set of allowed positions (MCI and MC2 bands), the 
intersection of which resulted in a set of small (< 1' x 4') parallelograms or 
error “diamonds”. The positional constraint of the diamonds was at the 90% 
confidence level and the X-ray source was expected to lie within one of them. 
The MC was sensitive to photons in the energy range 1 — 13 keV and counts 
were sorted into three energy channels.
In Table 1 we present the results of the analysis of the MC data for 
the AGN. The LASS name is given together with the number of celestial scans 
that contributed to the detections (MC scans), the energy channels common 
to the detections of both collimators and the source strength expressed as the
1 These assumptions prevail throughout this thesis.
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number of standard deviations (<r) above the background level for both MCI 
and MC2.
The MC diamonds combined with the results of other X-ray ex­
periments, principally the HEAO LASS (Wood et al. 1984), served to reduce 
the search area for each object to typically 0.05 degrees2. The probability of 
discovering bright members of common X-ray classes by chance in such an area 
is slight, and we discount the possibility of spurious identifications as remote.
2.4 O p tica l Id en tif ic a tio n  a n d  O b serv a tio n s
2.4.1 C andidate Selection
A detailed discussion of the candidate selection technique is given in Paper I 
which we summarize here.
A number of UV-excess objects were selected from each X-ray field 
based on their positions relative to the MC multiple diamonds and the posi­
tional constraints of other experiments, principally HEAO LASS. A U- and 13- 
double exposed Schmidt plate centered on each LASS error box was overlayed 
with the MC diamond pattern and scanned to search for UV excess objects 
lying within or very close to diamonds. In general between 3 and 5 candidate 
objects were selected in this manner in preparation for spectroscopic observa­
tions. H1444—553 was an exception to this procedure, having been noticed 
as an optically extended object within an MC diamond for a source at low 
galactic latitude.
2.4.2 Spectroscopic O bservation
Observations were made of candidate objects with the Anglo-Australian Tele­
scope (AAT) in two separate runs on 1986 July 27-28 and 1988 February 
22, and with the Australian National University (ANU) 2.3 m telescope on 
1988 February 17-21. Low dispersion spectra were taken with the AAT us­
ing the combined RGO spectrograph Image Photon Counting System (IPCS)
TABLE 1
M C X-ray Observations
LASS Name MC Scans a Energy Channels b crc
H0122—281 3 of 3 1 -  3 3.3,2.7
H0217—639 3 of 3 1 -  6 2.2,4.5
H0258—126 2 of 2 3 -  6 3.0, -
H0419—577 2 of 2 1 -  13 3.1,2.3
H0448—041 3 of 3 6 - 1 3 2.8,2.8
H0620—646 3 of 3 1 -  6 3.5,3.0
H0635—431 3 of 3 6 - 1 3 3.5,3.0
H1338—144 2 of 2 3 -  6 - ,2 .7
H1444—553 3 of 3 3 - 1 3 3.8,4.0
H1613—097 3 of 3 1 -  3 2.7,3.0
H1739—126 1 of 3 6 - 1 3 3.0,3.1
H2044—032 d 2 of 3 3 - 1 3 2.4,3.4
H2236—372e no detection
a The number of celestial scans that contributed to the Mod­
ulation Collimator detections.
b The energy channels common to both collimator’s detec­
tions (keV).
c The apparent strength of the source detected by MCI and 
MC2, expressed as the number of standard deviations above 
the background noise level.
d Two objects contribute to this source: MKN 896
(Seyfert 1) and the QSO presented in this paper. New X- 
ray binning suggests that MKN 896 may be the stronger 
source, however both appear to have significant flux and we 
estimate 50% of the X-ray flux for each object (see text). 
e This QSO is a serendipitous EXOSAT detection and has 
weak flux compared to the galaxy cluster S2232—380. We 
estimate that the QSO contributes to 30% of the LASS de­
tection.
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and Faint Object Red Spectrograph (FORS) with resolutions of 3 Ä and 20 A 
FWHM respectively. A dichroic mirror placed in the beam path split the beam 
at approximately 5500 A allowing simultaneous blue (3400 A -  5500 A) and 
red (5500 A -  10000 A) spectral coverage.
The newly commissioned Double Beam Spectrograph (DBS) was 
used with the ANU 2.3 m telescope to obtain spectra (3600 A -  8000 A) with 
3 A FWHM resolution. A dichroic mirror split the beam at 5500 A sending 
light into red and blue arms, through separate gratings and onto red and blue 
detectors. Each detector consisted of two intensified CCDs separated by ~  5 
pixels which introduced two small gaps in the spectrum at 4800 A and 7200 A.
The observing procedure for both telescopes was standard. Ex­
posures of comparison arcs were used for wavelength calibration, several flux 
standards (Stone 1977, Oke 1974) were observed each night to allow correc­
tion for instrumental response and observations of smooth spectrum standards 
were used to remove telluric absorption bands in the red spectra.
The spectral and X-ray data were considered together for each po­
tential optical counterpart and a grade assigned to reflect the certainty of the 
identification. An ‘A’ grade indicates very high probability and a ‘B’ indicates 
high probability.
2.4.3 P h otom etry
Infrared (JHK) photometric observations were made of eight of the AGN dur­
ing two runs (1987 May and 1987 October) with the Infrared Photometer 
System (IRPS) on the ANU 2.3 m telescope operated in a chopping mode. 
Standard stars were observed (McGregor 1988) and standard reduction tech­
niques used to obtain colours on the MSO system (Jones and Hyland 1982, 
Elias et al. 1983). All the observations were made through a 10 arcsecond 
aperture under dark conditions and with seeing of less than 3 arcseconds.
Optical (UBVRI) photometry was obtained for three of the AGN 
during 1987 May with the Twin Channel Chopper (TCC) also on the ANU
2.3 m telescope. The standards of Graham (1983) and Landolt (1982) were
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observed and used in a standard reduction to obtain colours and magnitudes. 
The infrared and optical photometry are included in the individual notes on 
each object in section IV.
2 .4 .4  R adio  O b servation s
As a standard part of the follow-up observations, all AGN are checked for 
radio emission. We have used the Very Large Array2 (VLA), the Parkes 64 m 
radio telescope and the Fleurs Synthesis Telescope3 (FST; Jones et al. 1984, 
Bunton et al. 1985) to search for continuum emission. In general, each object 
was observed with either Parkes (8.4 GHz) or the FST (1415 MHz) and if 
possible the VLA (1465 MHz and 4885 MHz). The FST 1465 MHz and VLA 
1465 MHz measurements are taken to be the same continuum point in the 
following discussion and are both referred to as 1.4 GHz data.
VLA observations were made at both 1.4 and 4.9 GHz with the 
C-array in the ‘snapshot’ mode during 1988 May. The typical synthesized
r
beam sizes were 12" x 23" and 4" x 7" respectively with a mean background 
rms noise of 0.65 and 0.18 mJy for integration times of ~  10 minutes at both 
frequencies. The map reduction was made using AIPS4 at the VLA. FST 
observations were made at 1.4 GHz during 1987 February -  1988 March with 
a synthesized beam size of 20" x 30" and integration times of ~  6 — 8 hours with 
the full 6 dish array. Maps were reduced using the FCP reduction program 
at the Electrical Engineering Department of the University of Sydney. Radio 
flux density measurements at 8.4 GHz were made at Parkes during 1987 March 
and 1988 March, using a dual “Noddy” feed with half power beam width 2.7 
arcminutes and typical integration times of 5 minutes.
The same procedure was used for both the VLA and FST obser­
vations to determine if a source was detected. Each map was examined for 
emission at the position of the optical counterpart. A detection was defined
2The VLA is maintained by the National Radio Astronomy Observatory which is operated 
by Associated Universities, Inc., under contract with the National Science Foundation.
3Operated until mid-1988 by the Electrical Engineering Department of the University of 
Sydney with Australian Research Council Funding.
4Astronomical Image Processing System.
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TABLE 2
Radio Observations
Name
PKS
8.4 GHza
FST 
1.4 GHz
VLA 
1.4 GHz
VLA 
5.0 GHz
H0122—281 < 3.3 — — —
H0217—639 < 6.0 — — —
H0258—015 < 5.1 < 15 < 3.00 < 0.11
H0258—126 — — < 1.65 1.38 ± 0 .0 4
H0419—577 < 3.6 < 15 — —
H0620—646 — < 25 — —
H0635-431 — < 15 — —
H1338—144 < 5.4 — 4.19 ± 0 .0 8 0.85 ±  0.03
H1444—553 — < 15 — —
H1613—097 — < 15 < 1.80 < 0.11
H1739—126 <  6.3 — 2.16 ± 0 .0 7 1.14 ± 0 .0 4
H2044—032 70 ± 3 — 28.92 ±  0.78 53.31 ± 0 .1 5
H2236—372 < 4.8 — < 2.31 < 2.64
a All units are mJy, the errors quoted are ±1 a and upper 
limits are 3 cr. A dash indicates no observation.
as being emission greater than  3 cr above the rms noise in the background at 
a position coincident with the optical position and within the uncertainties 
of both measurements. W here no source was detected a 3 <r upper limit was 
taken as three times the background rms. All sources tha t were detected were 
unresolved. For Parkes observations, emission greater than  3 a  above the rms 
noise of a series of repeated integrations was considered a detection; otherwise 
3 cr upper limits were calculated.
The results are given in Table 2 and show th a t all the AGN except 
H2044—032 have little or no detectable radio emission. All units are m Jy with 
upper limits taken as 3 cr and errors quoted for the detections, 1 cr.
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2.5 R e s u lts
In Figure 1 we show the X-ray error constraints on the sky for the majority of 
AGN presented here. The maps for H0122—281, H2044—032 and H2236—372 
are omitted and additional maps for the fields H0448—041, H0828—706 and 
H1032—142 (not considered here) are included. The maps show the intersec­
tion of two sets of positional bands from the HEAO-A3 experiment (multiple 
diamonds), the error boxes of HEAO-1 LASS (“U P ), UHURU (“4U” ; Forman 
et ai 1978) and EXOSAT  (“GPS”). The position of th6 AGN in each map is 
marked with a cross.
Table 3 lists the names, observing dates, exposure times, identifi­
cation gradings and classifications for the 13 AGN, 9 observed with the AAT 
and 4 with the ANU 2.3 m telescope. The celestial positions (accuracy ~  1"), 
redshift, V magnitude, absolute V magnitude, X-ray luminosity, optical-X- 
ray and radio-optical spectral indices for each object are tabulated in Table 4. 
The celestial coordinates of H1338—144, H1739—126 and H2044—032 are VLA 
positions and have correspondingly higher accuracy (~ 0.5").
In Paper I we made the distinction between Seyfert 1 galaxies and 
QSOs based on the presence of an extended image on a photographic plate. 
Several of the AGN presented here have properties that make classification 
based on this scheme inappropriate. The division between the two “classes” is 
arbitrary since the characteristics of Seyfert 1 galaxies are so similar to those 
of QSOs, and they may be simply considered as low luminosity examples of 
the latter. We choose to define a QSO as has having an absolute V magnitude 
brighter than —22.5 and redshift greater than 0.1, but stress that these criteria 
are arbitrary.
For the AGN without optical photometry, the V  magnitudes in Ta­
ble 4 are calculated by convolving the spectrum with the standard filter. We 
estimate an uncertainty of ±0.3 magnitude which is therefore the uncertainty 
in the absolute magnitude, Mv. The X-ray luminosity and optical-X-ray spec­
tral index (ßox) are calculated as in Paper I. The radio-optical spectral index 
(ßro) connects the radio continuum at 1.4 GHz to the optical continuum at 
4000 Ä (corrected for galactic reddening). In the two cases where no 1.4 GHz
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TABLE 3
Observing Log and Classification
A A T Observations with IP C S  and F O R S
Name D ate
Exposure
(sec)
Identification 
Status a Class
H0122—281 1986 Jul 27 900 A QSO
H0217—639 1986 Ju l 27 600 A Seyfert 1
H0258—015 1986 Ju l 28 800 B Seyfert 1
H0419—577 1988 Feb 22 500 A QSO
H1338-144 1986 Jul 27 500 B Seyfert 1
H1444—553 1988 Feb 22 1300 A Seyfert 1
H1739—126 1986 Jul 27 1000 B Seyfert 1
H2044—032 1986 Ju l 28 2000 X QSO
H2236—372 1986 Ju l 27 1000 X QSO
2 .3 m Observations with DBS
H0258—126 1988 Feb 17 3000 B Seyfert 1
H0620—646 1988 Feb 17 3000 A QSO
H0635—431 1988 Feb 21 2500 A Seyfert 1
H1613—097 1988 Feb 17 4000 A Seyfert 1
a “A” and “B” indicate a very high and high probability respectively 
that the identifications are correct. “X” indicates multiple source con­
tributions are likely.
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observation is available, upper limit measurements at 8.4 GHz are used to cal­
culate the upper limit of ßro. The optical magnitudes and flux densities are 
corrected for galactic reddening using A v = 0.18 esc 6 (Schmidt 1968) and a 
ratio of total to selective absorption R  =  3.2 (Seaton 1979). This correction is 
relatively small for high galactic latitudes and all but two of the AGN lie far 
from the galactic plane (|6| >  20°). We discuss the effect of galactic redden­
ing on the two AGN close to the plane (H1444—553 and H1739—126) in the 
relevant sections below.
The optical spectra for the X-ray identifications observed with the 
AAT and ANU 2.3 m telescope are shown in Figures 2 and 3 respectively. The 
IPCS and FORS spectra were matched at ~  5500 Ä and scaled accordingly. 
In general, the errors introduced through slit spectroscopy were too large to 
meaningfully quote absolute flux densities; instead relative flux densities are 
given in Figures 2 and 3 for those AGN without optical photometry. The spec­
tra  of the three AGN with photometry (H0419—577, H1338—144, H1739—126) 
have been scaled from the flux corresponding to the zero magnitude calibration 
of Allen (1973).
The m ajority of the AGN display spectral emission features typical 
of Seyfert 1 galaxies and low redshift QSOs (Weedman 1977). Table 5 lists 
the FWHM and EW of H/7 and the emission line properties of 12 of the AGN. 
All line fluxes are relative to H/7 =  1.00 and are given for selected lines. Lines 
not detected with greater than 3.5 a significance are indicated, as are mea­
surements with uncertainties larger than 15%. A number of lines have larger 
uncertainties due to blending; in particular H a, He II ,  Fe II and [0 III]  are 
blended with N II ,  Fe I I ,  He II  and Fe II  respectively. Line measurements for 
H0258—015 have been om itted from Table 5 since H/? was not detected.
Line fluxes were measured by estimating the local continuum below 
each line and integrating the flux density across the region. In the cases where 
[0 III]  were clearly blended with the wings of H/?, each of the [0 III]  lines were 
subtracted from the Kß  flux. In the cases where Fe II  emission was strong 
enough to measure (H0122—281, H0217—639, H0620—646 and H2236—372) the 
two broad bands either side of H/3 at A4570 and AA5190, 5320 were integrated 
and summed to give the total Fe II  sum listed in Table 5. We note tha t the
(R
el
at
iv
e 
F
lu
x)
 
Fx
 
(R
el
at
iv
e 
F
lu
x)
 
Fx
 
(R
el
at
iv
e 
F
lu
x) HO 122—281
9000 1000080004000 5000 6000 7000
H 0 2 1 7 -6 3 9
»—I f—I M  M  M  M  *-ri «— « hrl
Sr -Sr » -So ®
4000 5000 9000 100006000 7000 8000
H 0 2 5 8 -0 1 5
4000 5000 6000  7000
W av elen g th  (Ä)
100008000 9000
F i g . 2 .— AAT Spectra
Combined RGO/IPCS and FORS spectra of the nine AGN observed with the AAT during 
1986 July and 1988 February. The data from the two instruments are joined at A ~  5500 Ä. 
The flux density units are relative except for H0419—577, H1338 —144 and H1739 —126 
which have been scaled to measured photometry.
o
30
7)
CV1
00
S-.
0)
H0419—577
? I? 35 5
<  “ S I I I
x l  i  l
4000 5000 6000
~ ^ T
7000 8000 9000 10000
X
72CM
'a
o
oo
u
<u
U->
H1338—144
10000900080005000 6000 70004000
H1444—553
10000900080006000 7000
Wavelength (Ä)
4000 5000
Fig . 2.—AAT Spectra (Cont.)
(R
el
at
iv
e 
Fl
ux
) 
Fx
 (
R
el
at
iv
e 
Fl
ux
)
o 31
CM
ßo
U
0
<
hl
H1739—126
5g ? 
a i i 7 1 - 7
i . 1 i n
2 ?
1 i
4000 5000  6000 7000 8000 9000 10000
H2044—032
4000 5000 6000 7000 8000 9000 10000
H2236—372
4000 5000 6000  7000
W avelength (Ä)
8000 9000 10000
FlG. 2.— AAT Spectra (Cont.)
323
E
<u
>  • i—H
C Ö
T)
C2
fc-<
H 0 2 5 8 -126
7000 8000600050004000
H0620—646
a a y  a  a  ^o. ^ « o Xb 2
80007000600050004000
<D
CÜ
uC2
4000 5000 6000 7000 8000
W aveleng th  (Ä)
F ig . 3 .— 2.3 m Spectra
Spectra of the four AGN observed with the 2.3 m DBS during 1988 February. Gaps in the 
spectra at 4800 Ä and 7200 Ä are caused by joins in the detector CCD chips. The flux 
density units are relative.
33
X
2
I 1 i
Ph
<D
>
-+->
cd
> - H0
H 1613—097
800070006000
W av elen g th  (Ä)
50004000
Fig . 3 .— 2.3 m  S pectra  (C ont.)
O
p
t
ic
a
l
 S
p
e
c
t
r
a
l
 M
e
a
s
u
r
e
m
e
n
t
s
34
^ CN d  d  o> 0  d  0  0
<D o r - u o o  : co ; ; ; 0  ; 1—1
0  Ö Ö 0  0  Ö Ö
s d  0  Ö O —' COM in QO ' ' tO • ' Tf ' tO
CU CO 0 0  ; 0  ; : 0  : ; 0  : 0
0  ö  ö  0  0 0
0 a  cH O O O O O 05• CO CO CO CM *-U ,-H . • • -eo
O co • dO C3 fH CO r“^  • • • •III 0  Ö Ö 0  Ö Ö Ö
«Si
SC
y H-, O i f l N c s o m ' C O S T f c o o ' C ®
C/5 1-1 O C l ^ C ^ N C C ' t r r c f l r t H « ^
Ed
X O  ^ d d d d d d d ^ - d d d d
3U
Ed HIm d CM CM . . f ~ - ............................. —c
<D 5 GO -<3 . . - O « ............................. 0
z ^  cn d  d  • • - 1 ............................. ~
X
Cd M co1—1 00 . . tO 1X5 O . i-t . . . .CO. . O CS --H .CS . . . . 0> CD 2
h<
—1 -<3HH ^ • ' o d d  • cd • • • • cd
j
cd — «OC— O  O  . . —t e o c o f — . . c o  • r—c
Q <X> 00 CM CM • ^  H CO H • -CO -CO
Ed ■< d  cd cd cd cd cd cd dH<
cd
O ^  0 coco . t o c o  . 0  . .CO . lOCd 2  — CM CM . h  in . CN . . p  .
H
Z •<.
d o  - d o  - d  • • d  • d
O u  OO CO H CO IN -«r1 ^  . 0
-  22 tO'0, '-^cO'rT*to-rr . c o c o  . c oh-M ^ d d d d d d d  - d o  • d
<m « h 3 N 0 5 0 ) 0 0 O n O 0 > «
a  2 H o o c q o o i o q i a ^ c s h N i f
X  0 r t d ^ 4 4 d r t ^ « 4 4 c )
«< co
«S3.H
Z XC*3-3 OhO ^ N O Q O O l N C X I ' ß C ^ O ^ ' f l ®<> = t S
d d o o d d - H d o i f l t ^ d c i
E-c i-H r-H f-H *-H »—1 r—♦ f-H
or Q
b i £
<£3.
S  2T
S  'M
O O O O O O O O O O O OO O O O O O O O O O O O
S  S
Z Z
C O C O ^ H N N I N l O - l O r - C ^ Ur-H t-H r-H
Ed
-2
81
-6
39
-1
26
-5
77
-6
46
-4
31
-1
44
-5
53
-0
97
-1
26
-0
32
-3
72
Cd
<
1 1 i 1 1 1 1 1 1 1 1 1(Mf— cX505Ot 0CX5' ' 3C0C5-3, C0 N H i O H N C O M r l C H C O i f C O
2 r-HCSCNT^OOCOTTCOC^OCS
z s x x x x x x x x x x x
.2
a
'3—i
V
c3
cn v
*
-5a
ao
"c
<
b
ID
CO
0)
a
ueg
'S
. 2 f'33
-a
-o<d-w
jd
<u"3
a
CD
f4
cn v a
15,a
cnu
u
-3a
a
I
£4)
«S3.
S3
a;
a
>
1A.■/IjU
>—<
tu
-3
§
M
V•-T*
j-T
CD
tu
2
CO<D
so
*
COa;co
‘5
.2
5
CD
o
"3
3 13 
B 'O
3
vtu
CDM-*
Ö
a
u
c2
Da
13>
-au
CO
2?tu
.2
1
I
3
•<
8coiO
-a
I
JO
V
3
3
£
D
IDTD3
e
o
CO
13
t
.2
-a«3o
Jo
o
£
>> "3 -  03
S
5  £ 
s  «
§ *
1 5
u :ID -
3  3
35
widths of the Hß lines in these cases are quite modest (1500 — 3300 km s-1) 
and we do not expect much contamination from the Hß wings. However, He II 
will contaminate the blue Fe II emission and introduce further uncertainty.
In the following section we comment on important or unusual as­
pects of the individual objects.
2.6 C om m ents on In d iv id u al O b jects
H0122—281 (QSO)
This QSO is the bluest of the AGN presented here, rising steeply 
from 4200 Ä (rest frame). The optical spectrum is also noted for strong Fe II 
emission and rather weak forbidden lines. The object has been the target of 
low dispersion IUE observations5 and the combined Long Wavelength Prime 
(LWP) and Short Wavelength Prime (SWP) spectra indicate that the contin­
uum continues to rise to 1200 Ä. Strong, broad permitted emission lines of 
Mg II, Si IV and Lya are seen in the spectrum. The FWHM of the lines are 
1800, 2900 and 3200 km s-1 respectively. We note the similarity of the \ \ß and 
Lya widths. The spectra were recovered and analysed at the Goddard Space 
Flight Center RDAF. The QSO has infrared colours J — H = 0.81 ±  0.20, 
H  — K  = 1.19 ±  0.09, J  = 13.93 ±  0.19 and is radio-quiet with an upper limit 
of 3.3 mJy at 8.4 GHz.
HQ217—639 (Sy 1)
The spectrum of this Seyfert 1 galaxy is somewhat similar to 
H0122—281 but with a less steep rise into the blue and approximately half the 
Fe II intensity. The infrared colours J  — H = 0.91 ±  0.22, H — K  = 0.93 ±  0.12 
and J  = 13.95 ±  0.20 are also very similar. The source was undetected at 
8.4 GHz with an upper limit of 6.0 mJy.
5The observations were proposed by I. Bues and made on 1985, November 26.
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HQ258-Q15 (Sy 1)
The Seyfert 1 nucleus of this AGN is embedded within an SO type 
galaxy whose spectrum dominates over that of the AGN. The lack of detectable 
H/3 has forced the exclusion of H0258—015 from Table 5 but we note that 
the FWHM of [0 III]  A5007 and Ha are 1000 and 2500 km s-1 respectively, 
consistent with the Seyfert 1 classification. The infrared colours are typical 
of a normal galaxy with J  — H = 0.74 ±  0.05, H — K  = 0.47 ±  0.06 and 
J  = 12.01 ±  0.03 indicating that the spectrum continues to rise into the red. 
The AGN is the least luminous of those presented here and had no detectable 
radio emission at 4.9 GHz with an upper limit of 0.11 mJy implying a radio 
luminosity log(L^) < 26.89 ergs-1 Hz-1 (< 19.89 W Hz"1).
HQ258—126 (Sy 1)
This Seyfert 1 galaxy is one of the most luminous and has the 
broadest permitted lines of the AGN presented here. The [N II] AA6548, 6583 
lines are seen blended with Ha in the red part of the spectrum. The source was 
detected at 4.9 GHz (S5.0 = 1.38 ±0.04 mJy) but not at 1.4 GHz constraining 
the radio spectral index a  < 0.14.
HQ419—577 (QSO)
The first spectrum of this bright QSO was taken by D. A. IT 
Buckley during a program to observe objects from the Luyten Blue Star 
catalog lying at positions coincident with MC error diamonds. The AAT 
spectrum shows a complete absence of Fe II, rather narrow permitted lines 
and a rising continuum to the blue. Optical and infrared photometry in­
dicate a very blue spectrum: U — B = —1.29 ±  0.06, B — V =  0.65 ±  0.05, 
V - R  = 0.16T0.04, R - I  = 0.46T0.04, V = 14.26T0.03, J - H  = 0.45T0.14, 
H — K  = 0.95 ± 0.12 and J  = 13.47 ±  0.10. The optical spectrum (Figure 3) 
was scaled according to the V magnitude, and the absolute flux of H/3 mea­
sured as 6.0 x 10-13 erg cm-2 s-1. The QSO has been reported by Brissenden 
et al. (1987) as a Seyfert 1 galaxy with an 8.4 GHz radio flux density of 3 ±  1. 
Clearly, the object is a borderline case between the Seyfert and QSO classi­
fications but from the above discussion we classify the object as a QSO. In 
addition, upon re-examination of the radio data, we take a more conservative
37
position and claim only an upper limit of 3.6 mJy at 8.4 GHz rather than the 
detection reported by Brissenden et al.
H0620—646 (QSQ)
Strong Fe II emission dominates the spectrum in the region of H/3 
with the A4570 multiplets clearly blended with He II A4686. The upper limit 
for radio emission at 1.4 GHz was 25 mJy (caused by a strong confusing source 
nearby). Note that the lack of [0 III]  A4959 in the spectrum results from poor 
subtraction of the night sky line at A5577.
H0635—431 (Sy 1)
The spectrum of H0635—431 is distinguished by the small equiv­
alent width of llß (31 Ä) and the large Balmer decrement (5.89). [Ne V] is 
unusually strong and Ha is narrow enough so that [N II] is resolved in the DBS 
data. No radio emission was detected from the AGN.
H1338—144 (Sy 1)
Many emission lines are visible in the spectrum of this nearby 
Seyfert 1 galaxy including 0  I A8446, He I A7065, [Si II] A6717, [0 I] A6300 and 
He I A5876. The optical and infrared photometry for the AGN are: U — B = 
-0.98 ± 0.02, B -  V = 0.39 ± 0.02, V -  R = 0.40 ±  0.03, R - I  = 0.35 ± 0.05, 
V = 14.63T0.02, J - H  = 0.81T0.09, H - K  = 0.75±0.07 and J = 12.86i0.08. 
The absolute flux of l lß was measured as 3.4 x 10-13 erg cm-2 s_1. VLA ob­
servations of H1338—144 indicated flux densities of 4.19 and 0.85 mJy at 1.4 
and 4.9 GHz respectively giving a spectral index a = 1.25. The predicted flux 
density of 0.44 mJy was well below the upper limit measurement of Parkes 
(5.4 mJy).
H1444—553 (Sy 1)
This AGN lies 3° from the galactic plane and suffers from ~  6 — 7 
magnitudes of extinction at V which accounts for the large Balmer decrement 
(Ba/ Bß  = 37). The correction for galactic extinction is based on the relation 
Av = 3 E ( B —V) and an assumption that ( B—V)0 ~  0.5 for AGN nuclei, giving 
Ay ~  6 or E(B — V)  ~  2. The value is rather uncertain and we note that the
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values in Table 4 calculated from the corrected V (MV1 ßox, ßT0) have larger 
uncertainties than for the other AGN. From the optical spectrum, we conclude 
that the object is a 13th magnitude nearby AGN observed through the plane 
of our galaxy and consequently suffering from extreme optical extinction. We 
suggest that the object may be useful in probing material of the Interstellar 
Medium in the galactic plane. The source was not detected with the FST and 
has an upper limit of 15 mJy at 1.4 GHz.
H1613—097 (Sy 1)
A faint Seyfert 1 galaxy with very narrow permitted Hydrogen lines 
and a Balmer decrement close to the recombination case B value. As a con­
sequence of the low signal to noise spectrum, few emission lines were detected 
and listed in Table 5. The AGN was not detected as a radio source with the 
VLA with an upper limit of 1.80 mJy at 1.4 GHz. Since the galactic azimuth 
for this position is toward the galactic center, it is likely that Mv has been 
underestimated in this case.
H1739—126 (Sy 1)
The AGN possesses very broad permitted emission lines including 
0  I, He I and the Balmer lines. The optical and infrared photometry are: U — 
B = -0 .44i0 .04 , B - V  = 0.96T0.03, V - R  = 0.87T0.01, R - I  = 0.75T0.05, 
V = 16.40i0.02, J - H  = 1.22i0.08, H - K  = 1.14i0.04 and J = 12.79i0.07. 
The absolute flux of H/9 was determined as 1.84 x 10-13 erg cm-2 s-1. The 
correction for galactic reddening is large due to the low galactic latitude (|6| = 
9°) so we calculate the correction using (1) the galactic latitude model and (2) 
the H I column density (Nh = 2.4 x 1021 cm-2; Starke et al. 1989). We find 
the results are similar with Av — 1.1 implying E(B — V) = 0.34 mag for the 
first model and Nh /E (B  — V) = 5.8 x 1021 cm_2mag_1 (Savage and Mathis 
1979) giving E(B — V) = 0.41 mag for the second. The difference produces 
changes in ßr0 and ßox of 0.01 and 0.03 respectively and we conclude that no 
great uncertainty has been introduced by using the first model. The source 
was detected at both 1.4 and 4.9 GHz with the VLA giving a spectral index 
a = 0.50 and an implied flux density at 8.4 GHz of 0.88 mJy, well below the 
Parkes upper limit (6.3 mJy).
39
H2Q44-Q32 (QSO)
Two objects contribute to this source: MKN 896 (Seyfert 1) and 
the QSO presented here. Re-analysis of the X-ray data suggests that MKN 896 
may be the stronger source, however both appear to have significant X-ray flux 
and we estimate 50% of the flux for each object.
The optical spectrum of the QSO is very similar to H1739—126 with 
very broad permitted lines. However H2044—032 is a strong radio source with 
an inverted spectrum. The three radio measurements at 1.4, 4.9 and 8.4 GHz 
imply a power-law spectral index, a = —0.484 ±  0.004 and a radio luminosity 
at 1.4 GHz (in W Hz"1) of log(Z,i.4) = 24.46. If the radio emission is due to 
the synchrotron process, the most likely cause of the spectral inversion is self 
absorption at the source (Pacholczyk 1972). The theoretical self absorption 
spectral index (a = —2.5) can be flattened by a superposition of several differ­
ent synchrotron components to produce a spectrum with a ~  —0.5. The QSO 
has been observed twice in the infrared with photometry taken 6 months apart. 
The data are consistent with non-variable infrared colours: J —H = 0.65±0.16, 
H -  K  = 0.88 ±  0.14 and J  = 14.95 ±  0.07.
H2236—372 (QSO)
EXOSAT  observations show that the cluster of galaxies S2232—380 
is the major contributor to the LASS flux measurement, and we estimate that 
~  30% is due to the QSO. This QSO has the strongest Fe II emission of the 
AGN presented here. The multiplets at A5190 and A5320 are clearly seen and 
the Fe II sum to H/3 ratio is 1.61. The continuum rises steeply to the blue 
from H7 and many permitted and forbidden lines are seen in the spectrum. 
The object is faint in the near-infrared with photometry J  — H  = 0.69 ±  0.98, 
H  — K  = 1.15 ±  0.57 and J = 15.10 ±  0.89. No radio emission was detected 
with the VLA to an upper limit of 2.31 mJy at 1.4 GHz.
2.7  D isc u ss io n  a n d  S u m m a ry
The AGN are very similar to those presented in Papers I and II. The mean X- 
ray luminosity (Tx; log ergs-1, 2 — 10 keV), redshift and ßox are 42.5, 0.08 and
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1.06 respectively. The emission line properties are similar to other Sy 1 galaxies 
and low redshift QSOs (Osterbrock 1977) with a mean FWHM(H/3) of 5000 km 
s-1 (excluding H0258—015) and Balmer decrements typically steeper than case 
B recombination. Three AGN: H0122—281, H0620—646 and H2236—372, dis­
play strong Fe II  emission. The strongest Fe II emitter, H2236—372, has a 
ratio Fe Il/H/7 of 1.61 (Table 5) and very narrow permitted Hydrogen lines 
(H/7 FWHM of 1500 km s_1). Indeed, all the objects with detectable Fe II  
have modest (1400 — 3300 km s-1) H/3 widths similar to H0707—495 and 
PKS 0558—504 (Paper I) and the classic strong Fe-emitting Sy 1, I ZW 1 
(Phillips 1977, 1978). The strength of the A4570 multiplets of Fe II has been 
shown to depend on FWHM(H/3) for widths less than 1600 km s_1 (Gaskell 
1985, Wills 1982) and the data for H2236—372 fit this relation.
Following the arguments given in Paper I we conservatively estimate 
the probability that the identification of the thirteen AGN with the X-ray 
sources is correct to be 90%. The calculation is based upon a comparison 
between the total area contained within the MC diamonds searched, and the 
surface density of Seyfert Galaxies and QSOs.
In their radio study of the HEAO A2 sample of AGN, Unger et 
al. (1987) used the ratio of the radio flux density at 1.4 GHz to X-ray flux 
density at 6 keV to measure the radio loudness and test for bimodality in the 
distribution (Figure 2, Unger et al.). No bimodality was found in contrast to 
a similar study of optically selected QSOs which considered the ratio of radio 
to blue luminosity (Kellermann et al. 1986). Unger et al. also correlated the 
spectral index connecting the radio (1.4 GHz) and X-ray (6 keV) continua 
(/j6keV) w^h the radio spectral index (1.4 — 4.9 GHz). The correlation showed 
that objects with excess radio emission (relative to a “fixed” X-ray flux density 
) generally had flatter radio spectra, however two distinct populations (i.e. flat- 
spectrum “radio-loud” and steep-spectrum “radio-quiet” AGN) were not seen.
We may obtain /?2xkeV directly from ßox and ßr0 in Table 4 (since 
the three indices are not independent) using /?2xkeV = 0.329 ßox + 0.671 ßro. 
Further, we assume an X-ray spectral index ctx = 0.7 and calculate ßfx eW = 
0.947 /?r2xkeV + 0.037 or /?r6xkeV = 0.312 ßox + 0.635 ßr0 + 0.037. Finally, the radio 
to X-ray flux density ratio log(/r1-4GHz/ / xkeV) = 9.017 /?fxkeV.
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The optical -  radio flux density ratios of the majority of the AGN 
presented in this paper are upper limits as a consequence of the radio flux 
density upper limit. The upper limits range between 3.1 and 4.5 placing all the 
AGN in the lower half (lower radio emission) of the Unger et al. distribution. 
The AGN H1338-144 (Sy 1), H1739-126 (Sy 1) and H2044-032 (QSO) have 
flux density ratios of 4.0, 3.2 and 4.5 respectively also placing them in the lower 
half of the radio to X-ray flux density distribution. Clearly none of the AGN 
presented here have strong radio emission relative to their X-ray flux density. 
The values of radio spectral indices and /%.keV for these three AGN are 1.32, 
0.53, —0.54 and 0.44, 0.35, 0.50 respectively. Both H2044—032 and H1739—126 
fit the general trend of flatter spectral index and stronger radio emission but 
H1338—144 possesses more radio emission than would be expected from the 
relation in Figure 3 of Unger et al.
A comparison may be made between the near infrared properties 
of the AGN with J H K  photometry and those studied by Ward et al. (1982). 
After transforming from the MSO to the AAO photometric system (Bessell and 
Brett 1989) we find that both the present AGN and the Ward et al. sample lie 
together in the (J  — //), (H — K)  plane. This coincidence indicates that the 
near infrared properties of the X-ray selected AGN are indistinguishable from 
those of other AGN, and strengthen the suggestion of a continuum of AGN 
between the nominal positions of ‘normal’ galaxies and quasars in this plane.
The thirteen X-ray selected AGN reported here possess emission 
line, infrared and radio properties typical of other samples of AGN, both X- 
ray selected (such as the Piccinotti et al. sample) and non-X-ray selected. 
Together with other AGN reported in Papers I and II, they bring the total 
to 44 new AGN resulting from our program to optically identify the fainter 
sources from the HEAO-1 survey. We expect that by December 1989, 80% of 
an all-sky, flux limited sample of 337 sources will be identified. The sample is 
a high galactic latitude (|6| > 20°), flux limited (f x > 0.8 //Jy) subset of the 
> 600 sources from the LASS catalog (842 sources) that we expect to have 
optically identified upon completion of the program.
Further details of the AGN presented in this Chapter will be avail­
able from the full multiwavelength treatment given in Chapters 4 and 5.
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3. A ctive  G alac tic  N uclei: 
A R eview
3.1 A G N  a n d  th e  S ta n d a rd  M odel
When applied to galaxies, “activity” refers to the output of radiation not 
produced by normal galactic processes such as emission from stars, supernovae 
or H II regions. A galaxy is called an Active Galactic Nuclei (AGN) if at least 
one of the following criteria are met (e.g., Netzer 1987):
1. Possession of a compact nuclear region brighter than the corresponding 
region in galaxies of a similar type.
2. Nonstellar (or nonthermal) nuclear continuum emission.
3. Nuclear emission lines indicating a non-stellar excitation mechanism.
4. Variable continuum and/or emission lines.
The bolometric luminosity of AGN span an enormous range: 1041_48 erg s-1, 
the most luminous being distant quasars1. A wide range of observed be­
haviour has led to many classes of AGN including: radio-quiet and radio-loud 
quasars, blazars (BL Lacertae [BL Lac] objects, Optically Violent Variable 
[OVV] quasars and Highly Polarized Quasars [HPQ]), narrow and broad-line 
Seyfert galaxies, narrow and broad-line radio galaxies and Low-Ionization Nu­
clear Emission Regions (LINER). A summary of the classes of AGN and their 
basic characteristics is given in Table 1. All the line widths given in Table 1 
refer to the full width at zero intensity (FWZI) of the emission lines. Recent 
reviews dealing with AGN include those by Osterbrock and Mathews (1986), 
Jones (1986), Netzer (1987), Urry (1988), Miller and Wiita (1988) and Keller­
mann and Owen (1988).
^ h e  luminosities are calculated assuming a standard cosmology and an isotropic emission 
geometry.
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Despite the variety of emission-line behaviour observed in AGN, all 
are tied together by one common theme: their huge continuum luminosity. 
There are a number of theories for the primary origin of the energy, but the 
most widely accepted is that of disk accretion onto a central, massive (~ 
108 M©) black hole (Lynden-Bell 1969; Rees 1984). Three arguments cited 
in support of massive central black hole models are: (1) they naturally result 
from the normal evolution of galactic nuclei, (2) they convert matter into 
radiative energy with very high efficiency and (3) variability, particularly in 
the X-ray, has placed severe constraints on the emitting volume for AGN (e.g., 
Blandford 1985; Wandel and Mushotzky 1986). Typical quasar luminosities of 
L ~  1046 erg s-1 imply accretion rates of ~  1 M© yr_1 onto black holes with 
masses > 108 M©.
Direct observations of the continuum source (or “central engine”) 
itself are often confused by the reprocessing of the energy by surrounding mate­
rial such as gas and dust. Analysis of the reprocessed radiation in emission-line 
AGN (in particular Seyfert galaxies and quasars) has led to a “standard model” 
for AGN based on a massive central black hole with a radiating accretion disk 
(e.g., Malkan 1983).
In the standard model the broad permitted emission lines are pro­
duced in a broad-line region (BLR) by the photoionization of gas close to, or 
part of, the accretion disk structure. The widths of the lines (full width at half 
maximum [FWHM] ~  1000 — 8000 km s-1) are produced by the bulk motion of 
a large number of turbulent, optically thick clouds with densities > 109 cm-3. 
The total mass of the BLR may be between 10 and 1000 M© and have a spatial 
extent of ~  1 light yr. Commonly observed permitted emission lines include 
those of hydrogen (Lya, the Balmer series), oxygen (0  I), magnesium (Mg II), 
carbon (C IV) helium (He I, He II) and iron (particularly Fe II) spanning a 
wide range of ionization. Support for the photoionization model derives from 
the correlations between continuum and permitted emission line luminosities 
observed in AGN (Yee 1980, Shuder 1981).
The narrow-line region (NLR) lies at larger distances from the cen­
tral engine (100 — 1000 pc) and typically consists of 104-6 M© of optically 
thin gas. The clouds have typical densities of N ~  104-6 cm-3 and bulk veloc-
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ities ~  102-3 km s-1 producing widths of FWHM 200 — 800 km s_1. The pho­
toionization model is further supported by the electron temperatures implied 
by the forbidden lines arising in this region: Te ~  1.5 — 2.0 x 104 K. Com­
monly observed forbidden lines include those of oxygen ([O III], [O II], [O i]), 
neon ([Ne V], [Ne III]), sulphur ([S II], [S Hi]), nitrogen ([N II]) and iron ([Fe X], 
[Fe VIl]).
The boundaries between the broad classes indicated in Table 1 
(blazar, quasar, radio galaxy, Seyfert galaxy and low-luminosity AGN) are 
based primarily on observational differences. From their optical spectra, BL 
Lac objects appear to be quite different from other emission-line quasars. Sim­
ilarly, compact radio sources and extended lobe structure appear very differ­
ent. However, as greater numbers of AGN have been discovered and inves­
tigated, attempts have been made to understand AGN in the context of a 
“unified model” . In such a model, all AGN are different manifestations of the 
same intrinsic phenomenon and differences are accounted for by factors such 
as evolution, geometry (i.e. viewing angle), the presence of relativistic jets and 
environmental factors. The discovery of HPQ and OVV quasars and their 
associated BL Lac-like components supported a link between BL Lac objects 
and quasars and strong evidence now exists for the obscured Seyfert 1 model 
for Seyfert 2 galaxies (§ 3.6) thus uniting the Seyfert phenomenon. Unified 
beaming models have been suggested to explain radio quiet quasars as un­
beamed compact quasars (Scheuer and Readhead 1979), compact quasars as 
lobe dominated double radio sources seen end-on (Orr and Brown 1982; Wills 
and Brown 1986), and BL Lac objects as beamed versions of ordinary radio 
galaxies (Blandford and Rees 1978). The latter two of these models have been 
tested with some success (e.g., Peacock 1987). However, on the whole the 
AGN phenomenon remains one of the outstanding mysteries of astronomy, as 
there is no satisfactory physical model for many of the emission components 
that are observed.
We will now review in more detail observations of AGN at different 
wavelengths and conclude with a section discussing our current understanding 
of the multiwavelength spectrum of AGN.
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3.2 X -ray  O bserv a tio n s of A G N
X-ray emission has been detected from many AGN, and as a class they are well 
known as X-ray sources (Elvis et al. 1978; Tananbaum et al. 1978; Zamorani et 
al. 1981). X-ray selected AGN have been discovered from the HEAO-A2 survey 
(which effectively includes all discoveries from previous satellites; Piccinotti 
et al. 1982), the HEAO-1 Al and A3 surveys (this program), the Extended 
Medium Sensitivity Survey (EMSS) of the Einstein Observatory (Gioia et al. 
1988) and the EXOSAT  survey (Giommi et al. 1988). The latter two surveys 
rely on sources discovered serendipitously in images of objects targeted during 
the missions and were optically identified with relative ease due to the high 
accuracy of the X-ray positions (typically 10" — 60"). Of the 835 sources in the 
EMSS, 693 have been optically identified and of those, 350 were AGN. The 
energy range of the IPC2 was 0.3 — 3.5 keV and the limiting flux detected was 
7 x 10~14 erg cm-2 s-1. The LEI imaging detector of EXOSAT  was sensitive 
to very soft X-rays in the range 0.05 — 2.0 keV and consequently the majority 
(381) of the 505 new sources detected were stars.
T he critical differences betw een th e  HEAO-1 survey and th e  EMSS 
and EXOSAT  surveys are energy range: HEAO-1 detected hard 2 — 10 keV 
X-rays, flux limit: HEAO-1 sources are typically 100 times brighter than 
Einstein or EXOSAT  sources, and sky coverage: HEAO-1 was an all-sky 
survey whilst the EMMS and EXOSAT  surveys covered 2% and 5% of the 
sky respectively. At present our group has identified > 600 of the HEAO-1 
sources of which ~  300 (including 80 new objects) have been associated with 
extragalactic objects (AGN and clusters of galaxies). The brightness of the 
HEAO-1 sources make them ideal targets for observations at other wavebands. 
Comparison studies between X-ray selected samples and samples selected at 
other wavebands have been made for QSOs (Anvi and Tananbaum 1986), 
Seyfert galaxies (Kriss et al. 1980) and BL Lac objects (Stocke et al. 1985; 
Ledden and O’Dell, 1985).
Early spectral results from the HEAO-1 A2 experiment (Mushotzky 
et al. 1980) suggested that the 2 — 10 keV spectrum for all AGN was described
2The Image Proportional Counter experiment carried by the Einstein Observatory.
51
by a single power-law with index ax = 0.7 (/„ cx u~Ql). However, results from 
softer experiments such as the IPC of Einstein Observatory (Elvis et al. 1986) 
and EXOSAT (Amaud et al. 1985) gave spectral slopes of other (in general 
fainter) AGN ax < 3.5, frequently steeper than the “canonical” a x = 0.7. The 
spectral shapes of those AGN with steeper spectra were varied, with some 
showing soft excesses above an ax = 0.7 power-law, others having soft-hard 
spectra described by ax = 1.0 and some objects displaying two component 
spectra, steep at lower energies and a flat high energy tail. Efforts to explain 
these features have included a high energy (possibly comptonized) tail of the 
big UV bump to account for the soft excess (Wilkes and Elvis 1987) and 
a flattening of the spectrum to a “universal” ax — 0.7 power-law at higher 
frequencies (Mushotzky 1984).
The X-ray spectra of BL Lac objects are in general steeper than 
emission-line AGN, with X-ray selected BL Lac objects having the steepest 
spectra (Worrall and Wilkes 1989). The two-component spectra observed 
in some BL Lac objects (Urry 1986a,b, and references therein) have been 
explained using synchrotron self-Compton (SSC) models (Jones et al. 1974; 
Gould 1979) in which lower energy synchrotron photons are inverse-Compton 
scattered to higher, X-ray frequencies. Comparisons of the observed hard X- 
ray flux with that predicted by SSC theory (Marscher et al. 1979; Marscher 
1983) led Urry et al. (1981) to conclude that bulk relativistic motion was a 
characteristic of the BL Lac class. However, similar work with observations 
from the Einstein Observatory (Madejski and Schwartz 1983) did not imply 
bulk relativistic motion and the question is currently unresolved (Urry 1988). 
We address the issue of relativistic motion with respect to the BL Lac object 
H1722+119 in Chapter 7.
The X-ray luminosity distribution of X-ray and radio selected 
blazars has been compared with the optical and radio distributions to 
show that X-ray selected objects are radio weak rather than radio strong 
(Maraschi et al. 1986). Maraschi et al. argue that since there is no a pri­
ori reason why radio loud objects should not have been X-ray selected, they 
must dominate the space density of the blazar population.
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3.3 IU E  O b serv a tio n s o f A G N
Observations of AGN with IUE have greatly increased our understanding of 
both the energetics of the emission line regions and the origin of the physical 
processes contributing the continuum (e.g., Malkan et al. 1987). The strong 
correlation between broad emission line strengths and nuclear continuum emis­
sion has been taken as clear evidence for photoionization as the source of energy 
for the lines. Wu et al. (1983) presented IUE spectra of 20 Seyfert galaxies 
and found correlations between the 2 — 10 keV X-ray luminosity and both the 
C IV A1550 A and the continuum A1450 Ä luminosities, also supporting pho­
toionization models. However, the equivalent width of C IV has been shown 
to decrease with increasing continuum luminosity (at A1450 Ä), the “Baldwin 
effect” (Baldwin 1977). Three explanations have been proposed for the effect:
1. The covering factors3 of the BLR in less luminous AGN are larger than 
in higher luminosity cases producing stronger C IV emission relative to 
the local continuum (Wu et al. 1983; Wampler et al. 1984).
2. The continuum level at A1450 A may not in fact be directly proportional 
to the UV flux producing the C IV line (Malkan and Sargent 1982).
3. Less luminous AGN possess higher ionization parameters4 (Mushotzky 
and Ferland 1984).
Comparisons between both the continuum and emission-line fluxes and the 
X-ray flux have been made by Kriss et al. (1980) and Reichart et al. (1985) 
and the correlations found by both groups suggest that the global properties 
of all Seyfert galaxies may be similar.
Interest has also centered on the Lya/H/3 ratio ever since samples 
of Seyfert galaxies and quasars were found to have values much lower than 
that predicted by recombination theory (~  40, Netzer and Davidson 1979;
Proportion of the celestial sphere that is covered, as seen from the central source.
4The ionization parameter, U\ = -fy cm s-1 where F\ is the flux density at 1 Rydberg 
incident on the gas, and N is the gas density. Alternatively, U is simply the ratio of ionizing 
photons to electrons. Typically, —2.75 < log U < —1.5 for Seyfert galaxies and quasars.
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Shuder and MacAlpine 1979). Wu et al. (1983) found an average value for 
their sample of 6.6 while Baldwin (1977) found a value of ~  3 for a group of 
low-redshift quasars. Clarke et al. (1986) made near-simultaneous optical and 
IUE observations of 5 X-ray selected Seyfert galaxies and found the average 
Lya/H/3 ratio was 22, much closer to the predicted value. They explain the 
discrepancy of the other samples as a combination of (1) extinction by dust 
and (2) high optical depth of hydrogen in the BLR, acting to trap Lya photons 
(“Lya trapping”). The authors noted that their selection of optically bright 
objects with strong emission lines biased their sample toward low-redshift, 
broad-line Seyfert galaxies. They suggested that the very broad-line objects 
were least affected by either dust or optical depth effects, as determined by 
Lya/H/? ratios being closer to the prediction of recombination theory.
The second area where IUE observations have contributed greatly 
to our understanding of AGN is in continuum emission mechanisms. Malkan 
(1983) and Malkan and Sargent (1982) have studied the broad UV “bump” 
that is superimposed on the power-law continuum in many quasars and Seyfert 
galaxies5. The excess was initially fitted by a black body temperature of 23,000 
-  30,000 K and attributed to an optically thick accretion disk around the cen­
tral, accreting object. The work was further refined to decompose the feature 
into three distinct blackbody distributions corresponding to the inner (hottest), 
middle and outer (coolest) parts of the accretion disk. The models have been 
incorporated into broad-band (0.1 — 100 ^m) multiwavelength descriptions of 
AGN continua, with some success (Edelson and Malkan 1986).
3.4 IR A S  o b serv a tio n s o f A G N
The radiation detected by IRAS probably originated through one of three pro­
cesses: (1) photospheric emission by stars (thermal), (2) Synchrotron emission 
(nonthermal) or (3) emission from dust heated by another source (reprocessing 
to produce thermal emission). In the case of blazars, the radiation is almost
5This “big” blue bump is not to be confused with the “little” blue bump produced by 
a combination of Balmer continuum emission and Fe II emission extending from ~  3800 A 
to ~  2200 A, as described in Chapter 6. The big blue bump is a much broader feature 
extending from UV to to extreme UV and even soft X-ray frequencies.
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certainly nonthermal while Seyfert galaxies emit a combination of line and 
continuum emission which depends on the degree of reprocessing of energy by 
the plasma (broad and narrow line clouds) surrounding the central engine. Un­
derstanding the precise origin of the far infrared radiation in Seyfert galaxies 
based on the four IRAS bands is not possible since there is no simple rela­
tionship between the spectrum and emission processes. However, clues to the 
general nature of the radiation may be obtained from the IRAS spectral index 
diagram: a(100/60) vs a(60/25)6.
Soifer et al. (1987) found that AGN and bright galaxies separated 
in this plane with the AGN having flatter a(60/25). They interpreted the 
effect as indicating that a dust component was likely to be heated by a non- 
thermal central engine rather than stars (which produces a steeper index). The 
different classes of AGN overlap substantially with some separation between 
those dominated by a nonthermal component (the blazars, with both indices 
flat) and the Seyfert galaxies. The Seyfert 1 and 2 galaxies connect the bright 
galaxies and blazars in this plane. The crudeness of the spectral information 
must be emphasized however, and the general result is that as the nonthermal 
component becomes dominant, the spectrum flattens.
The infrared continuum of Seyfert galaxies has been investigated by 
a number of groups (most recently Edelson and Malkan 1986; Carleton et al. 
1987; Rodriguez-Espinosa et al. 1986; Ward et al. 1987) and three components 
have been identified: (1) a nonthermal underlying power-law extending from 
the X-ray, (2) a cool component probably from star burst activity and (3) a 
mid-infrared nuclear component peaking in the 20 — 50 fim region. Conclusions 
differ as to the relative importance of the power-law and dust components, 
some suggest the power-law explains the continuum in Seyfert 1 galaxies but 
not type 2 Seyferts (Edelson and Malkan 1986) and others attribute the contin­
uum in both types mainly to the effects of dust (Carleton et al. 1987; Ward et 
al. 1987). The question of the origin of the infrared continuum is still an open
6Here, the spectral index is defined as /„ oc v +a so:
a(100/60) = 4.51 log[/„(60 /im)//„(100 /im)] 
a(60/25) = 2.631og[/j,(25 /im)//„(60 /im)]
55
one, and we examine it in relation to the AGN in this sample in Chapter 5.
3.5 R a d io  O b s e rv a tio n s  o f  A G N
Extragalactic radio sources display great diversity in morphology and physical 
conditions. Their observed radio luminosities range from 1037 erg s-1 seen in 
normal spiral galaxies to 1045 erg s-1 from the most luminous radio galaxies 
and quasars. Radio maps of radio galaxies show that many possess extended 
emission, often large (~  kpc — Mpc) lobes straddling the optical counterpart 
galaxy and with an energy content of up to 1061 erg. The most common form of 
radio emission observed in AGN however, is compact nuclear emission from a 
~  pc size region. Both the radio-loud and radio-quiet quasars exhibit compact 
emission, as do blazars.
The spectra of radio sources between 100 MHz and 10 GHz strongly 
supports nonthermal synchrotron radiation as the principal emission mecha­
nism. Power-law spectral shapes dominate in this region with indices typically 
in the range ~  0.5 — 1, and low frequency spectral turnovers indicating syn­
chrotron self-absorption. In general, large scale radio lobes are associated with 
steep spectra and the compact sources with flatter spectra (particularly the 
blazars). Some sources display complex radio spectral behaviour interpreted as 
the superposition of a series of different synchrotron components each with dis­
tinct characteristic turnover frequencies. Synchrotron radiation is produced by 
relativistic (~  1 GeV) electrons spiralling in magnetic fields B ~  10~5 gauss7. 
In the case of a power-law energy distribution of electrons with energy index, p 
(N[E\dE  oc N[E]~P dE),  the resulting optically thin synchrotron spectrum is 
also a power-law with spectral index a = (p — l)/2 . Below the critical turnover 
frequency, the radiation becomes optically thick and an energy independent 
spectrum with index a = —2.5 results. Interestingly, the commonly observed 
spectral index a = 0.7 corresponds to p = 2.4 which is very close to the index 
for the distribution of primary cosmic-ray particles in the galaxy.
'These conditions apply only in the outer parts of the radio structure. In the cores 
the relativistic booting factor, 7, is generally lower and the magnetic field correspondingly 
higher.
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Since all the emission line AGN considered in this thesis possess low 
level radio emission we review only those observations pertaining to radio-quiet 
objects. For reviews of all aspects of extragalactic radio sources see Begelman, 
Blandford and Rees (1984) and Kellermann and Owen (1988). We deal with 
the emission from BL Lac objects in Chapter 7.
Radio surveys of Seyfert galaxies have established that compact ra­
dio emission is probably present, to at least a low level in all the objects (Wilson 
and Willis 1980; Ulvestad, Wilson and Sramek 1981; Wilson and Meurs 1982; 
Ulvestad and Wilson 1984a,b). The radio properties of type 1 and 2 galaxies 
were found to be clearly different with type 2 galaxies being 1 — 2 orders of 
magnitude more luminous at radio frequencies for a given nonthermal optical 
luminosity than type 1 galaxies and containing larger radio sources (Ulvestad 
and Wilson 1984a,b). High resolution observations with the VLA indicated 
typical sizes of ~  600 pc and 100 — 200 pc for the type 2 and 1 galaxies respec­
tively and a strong correlation between size and power. The resolved sources 
often had double or triple linear radio structure. Two explanations for the 
different radio properties of type 1 and 2 Seyfert galaxies offered by Ulvestad 
and Wilson (1984b) were (1) that the radio jet had a higher probability of 
interacting with material in the BLR in a Seyfert 1 galaxy and (2) that the ra­
dio jets in Seyfert 2 galaxies were intrinsically more energetic and propagated 
further out into the galaxy. The difference between Seyfert classes was further 
supported by Meurs and Wilson (1984) who derived different radio and optical 
luminosity functions for type 1 and 2 Seyfert galaxies.
The origin of the compact radio luminosity in radio-quiet AGN is 
unknown. The linear structure seen in high resolution radio maps of some 
Seyfert galaxies is strongly suggestive of jet structures. Indeed, radio jets 
related to the nuclei of AGN have been observed on all scales, from the kpc 
(in double radio sources) to sub parsec (VLBI studies) and are thought to 
be ubiquitously associated with nuclear activity (Begelman, Blandford and 
Rees 1984). As mentioned, the properties of the radio emission imply the 
synchrotron mechanism but exactly how the jet is formed near the central 
engine and how the emission relates to that seen in radio-loud AGN, remain 
open questions.
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3.6 O p tica l P o la r iz a tio n  in  A G N
Radiation may become polarized under a number of different circumstances 
including: creation in a region of ordered magnetic field, scattering by local or 
interstellar cosmic dust and reflection from a surface. Very strong polarization 
measures (~ 3 — 40%) observed in some AGN (e.g., BL Lac objects) are at­
tributed to the synchrotron process whilst lower values (~  1 — 2%) have been 
explained through dust scattering (e.g., in Seyfert 2 galaxies).
The “blazar” class of AGN (BL Lac objects, Highly Polarized 
Quasars [HPQ] and Optically Violent Variable [OVV] quasars) exhibit a strong, 
variable and often wavelength dependent polarized component (Angel and 
Stockman 1980; Moore and Stockman 1981, 1984; Brindle et al. 1986) which 
is interpreted as an aligned highly collimated fast moving flow of material (jet) 
radiating via the synchrotron process (Blandford and Königl 1979; Marscher 
1980; Königl, 1981; Königl and Choudhuri 1985). The high level and vari­
ability of the polarization is explained reasonably well by the jet models but 
more puzzling is the strong wavelength dependence (in polarization and less 
often in position angle) observed in some blazars (Brindle et al. 1986 and ref­
erences therein). The BL Lac object H1722+119 (discovered during the course 
of this thesis) displays very strong wavelength dependence of polarization and 
is discussed in detail in Chapter 7.
Measurements of AGN with lower polarization (in particular 
Seyfert 2 galaxies) have yielded the most exciting results however. In a se­
ries of papers, Miller and Antonucci (1983), Antonucci and Miller (1985) and 
Miller et al. (1988) present spectropolarimetric data of the nucleus of the (nar­
row line) Seyfert 2 galaxy NGC 1068 which show a weak broad-line Seyfert 1 
spectrum in polarized light. The model proposed from the data is of an ob­
scuring dusty (optically thick) torus surrounding a Seyfert 1 nucleus which 
allows radiation to escape in the axial directions. Clouds of warm electrons 
lying above and below the torus scatter the light into our line of sight. This 
discovery is seen as strongly supporting the unified AGN picture, however the 
model that type 1 and 2 Seyfert galaxies are simply the same phenomenon 
with different alignment angles has some difficulties (Miller 1987).
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The origin of the low level of polarization observed in some Seyfert 1 
galaxies is uncertain. Schmidt and Miller (1985) in a spectropolarimetric study 
of polarized Seyfert 1 galaxies found the continuum and narrow forbidden line 
but not the broad permitted line component to be polarized. A variety of 
mechanisms were invoked to explain the polarization including: transmission 
of nuclear light through interstellar dust, scattering in an asymmetrical dust 
cloud and possibly direct viewing of a nonthermal (synchrotron) source. Miller 
(1987) suggested that Seyfert 1 galaxies have thin disks (rather than the thick 
disks in Seyfert 2 galaxies) which do not obscure the continuum radiation (and 
hence the broad-line component) and that scatter nuclear radiation near the 
disk surface producing polarization. This model also accounts for the align­
ment of the polarization position angle with the radio structure as observed in 
Seyfert 1 galaxies (Antonucci 1983, 1984) and quasars (Stockman, Angel and 
Miley 1979). In Seyfert 2 galaxies the polarization position angle is orthogonal 
to the radio structure.
3.7 T h e  M u ltiw av e len g th  C o n tin u a  of A G N
In order to illustrate the broad-band continua of AGN, we plot the flux per 
logarithmic frequency interval (i.e. v /„; an energy measure) against the loga­
rithm of frequency for two well observed AGN: 3C 273 a radio loud quasar and 
NGC 4151 the archetypal Seyfert 1 galaxy (Figure 1). The data were taken 
from Ramaty and Lingenfelter (1982; and references therein). The quasar 
3C 273 is an example of a radio-loud AGN and displays a smooth continuum 
linking the radio and optical regions. NGC 4151 is a radio-quiet AGN and 
the radio emission appears to be unconnected to the IR -  gamma-ray compo­
nent of the spectrum. Both objects show a relatively flat spectral distribution 
from infrared to gamma-ray frequencies indicating equal energy emitted per 
logarithmic frequency interval. Emission at a wide range of frequencies clearly 
make significant contributions to the total luminosity and is typical of all AGN.
Studies of the broad-band continua of emission-line AGN have 
aimed at isolating distinct spectral components and deconvolving them to dis­
cover the underlying energy distribution from the central engine. Attention
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FlG. 1.— Broad-band Spectra of radio-quiet and radio-loud AGN
Broad-band spectra for 3C 273 (radio-loud quasar) and NGC 4151 (Seyfert 1 galaxy) from 
radio to gamma-ray energies. The data are non-simultaneous and were taken from Ramaty 
and Lingenfelter (1982; and references therein).
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has focussed on the far-infrared to ultraviolet spectral region, due principally 
to the availability of data (IUE and IRAS). A number of components have 
been identified:
Starlight. In some AGN starlight contamination from the host galaxy can 
make a significant contribution to the continuum emission. Multi­
aperture photometry can be used to correct for the light or cruder esti­
mates based on typical galactic spectra may be made. Since the radiation 
from the AGN originates from a compact region, difficulties arise when 
comparing multiwavelength data taken with different aperture sizes. For 
example, IRAS observations of nearby AGN embedded in a galaxy are 
highly susceptible to contamination due to the large aperture sizes (e.g., 
FWHM at 60 /im of 0.75 arcmin). We note that less than 10% of the 
galaxies considered in this thesis suffer from such contamination8.
Emission Lines. The dominant features in the optical and ultraviolet spec­
tra of emission-line AGN are the permitted and forbidden emission lines. 
Detailed modelling suggests that the only line emission to contribute 
significantly to the continuum shape is Fe II emission. The remaining 
lines only contribute if they are extremely broad and have wings that 
extend far either side of the narrow components of the line. The under­
lying continuum may be estimated from continuum regions free of such 
contamination.
Small (3000 A) Blue Bump. The presence of a “small blue bump” in the 
optical-UV continua of many AGN is well established (Neugebauer et 
al. 1979; Richstone and Schmidt 1980; Oke, Shields and Korycansky 
1984). The bump appears as a steep rise towards the blue extending 
from ~  4000 A (rest frame) to ~  2000 A, and has been modelled as the 
combination of Balmer continuum and Fe II emission (Wills, Netzer and 
Wills 1985).
Big Blue Bump. This feature was recognized as a separate component from 
the infrared or X-ray continua (Sheilds 1978; Neugebauer et al. 1979; 
Malkan and Sargent 1982) and interpreted as thermal emission from
8Based on the optical spectrum and plate images.
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an accretion disk. The excess was initially modelled with a single 
(T ~  26,000 K) black-body energy distribution (Malkan and Sar­
gent 1982), and later as emission from a geometrically thin, optically 
thick accretion disk, with separate, summed blackbody components de­
scribing the radiation from the inner, middle and outer parts of the disk 
(Malkan 1983) [§ 3.3]. Fitting optical and ultraviolet data with explicit 
accretion disk models allowed constraints to be placed on the central 
black hole mass and accretion rate.
Recently, soft X-ray measurements of a number of AGN displaying UV- 
excesses suggest a continuation of the big bump to X-ray energies (Bech- 
told et al. 1987; Remillard, Schwartz and Brissenden 1988). The require­
ment that the hot thermal tail of an accretion disk spectrum extend to 
X-ray energies, forces the black hole mass to become low and the ac­
cretion rate high, resulting in strongly super-Eddington luminosities and 
the failure of the thin disk approximation (see Chapter 6). In an attempt 
to resolve these problems, both modifications to the thin disk model (Cz­
erny and Elvis 1987) and a thick disk model (Madau 1988) have been 
proposed. In Chapter 6 we model the big bump of H0557—503 and 
discuss these questions in detail.
The ubiquity of the big blue bump is the subject of an investigation by 
McDowell et al. (1988) who find a great variety in Bump properties, in­
cluding some objects with no Bump. The weak Bump AGN cannot be 
produced by dust obscuration since the amount of reddening required 
would produce absorption of X-rays in excess of that allowed by obser­
vation. One suggestion is that the optical -  UV continua of weak Bump 
AGN offer a view of the uncontaminated nonthermal radiation from the 
AGN.
Underlying X-ray -  Infrared Power-Law. There have been a number of 
recent studies investigating the optical-infrared continuum of AGN and 
its relationship to the X-ray band (Edelson and Malkan 1986; Elvis et 
al. 1986; Ward et al. 1987; Carleton et al. 1987; Edelson, Malkan and 
Rieke 1987; Kriss 1988; Mushotzky and Wandel 1988). The existence of 
an underlying power-law is based on the agreement between the extrap­
olation of the near infrared continua and X-ray measurements. Much
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debate has centered on the relative contribution to the continuum of the 
nonthermal power-law (presumably synchrotron radiation) and thermal 
radiation emitted by dust. Dust emission is certainly dominant in the 
infrared spectra of most Seyfert 2 galaxies (Rieke 1978), but in Seyfert 1 
galaxies two interpretations of the continua have been suggested (§ 3.4).
Edelson and Malkan (1986) in a study of AGN from 0.1 to 100 //m, 
find only a minor contribution to the continuum from dust and that 
the spectral energy distribution is well described by a power-law with 
index a ~  1.4. Based on a correlation between the nonthermal (power- 
law) optical and X-ray luminosities, they conclude that the power-law 
continues to X-ray frequencies. We note that in a study of the continua of 
quasars in the Palomor-Green survey, Neugebauer et al. 1987 also derive 
a spectral slope of a = 1.4 in the near-infrared.
Carleton et al. (1987) and Ward et al. (1987), in an infrared study of 
the Piccinotti sample concluded (alternatively) that dust played a major 
role in modifying the continua of Seyfert 1 galaxies by absorbing nonther­
mal and re-emitting thermal radiation. A strong correlation between the 
near infrared and hard X-ray luminosities was interpreted as evidence for 
the reradiation process. In their model, the underlying power-law energy 
distribution is intrinsically similar in all AGN and the continuum is mod­
ified by dust at longer wavelengths and reddening at shorter wavelengths 
to produce the observed spectrum.
Early results from sub-millimetre measurements of radio-quiet and radio- 
loud AGN have not been able to distinguish between these two models. 
Observations in the region of the sharp turnover from the far infrared 
to radio frequencies are consistent with both synchrotron self-absorption 
of a nonthermal source and with thermal dust emission (Engargiola et 
al. 1988).
Radio Emission. When placed in the context of a broad-band spectrum, the 
radio components appear quite different in radio-quiet and radio-loud 
AGN (e.g., Figure 1). The spectrum must turn over very sharply in the 
sub-millimetre region to connect the far-infrared and radio components 
of radio quiet AGN (Edelson, Malkan and Rieke 1987; Engargiola et 
al. 1988; Antonucci and Barvainis 1988). The turnover frequency has
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only been determined for a very few AGN (Engargiola et al. 1988) and 
has been used to derive estimates of ~  10 light hours for the source size.
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4. M u ltiw av e len g th  D a ta  of 
th e  X -ray  S elected  A G N
4.1 In tro d u c tio n
AGN emit radiation across a large part of the electromagnetic spectrum and 
understanding the origin of the radiation is the most fundamental question in 
AGN research. In defining the broad-band spectral energy distribution (SED) 
of an AGN we would ideally take a simultaneous spectrum from radio to X- 
ray frequencies. Such a spectrum would give great insight into the relationship 
between the central engine and the surrounding obscuring material and allow 
an accurate description of the global energy budget. Unfortunately no such 
spectrum exists and we must rely on the narrow atmospheric transmission 
windows available to ground based observers and a few space missions into 
selected wavebands invisible from the ground to build an incomplete mosaic.
The dominant emission mechanism in BL Lac objects is almost 
certainly synchrotron radiation and broad-band SEDs have been very valuable 
in modeling their continua as a series of power-law synchrotron components 
(e.g., Mkn 501, Kondo et al. 1981; 3C 446, Bregman et ai 1986). However, 
simultaneous observations at the different frequencies are vital because of the 
pronounced and rapid variability displayed by these objects. The problems 
with interpreting non-simultaneous data for the BL Lac object H1722+119 
are included in Chapter 7.
Fortunately, variability is much less common in emission line AGN, 
particularly at lower frequencies (e.g., Edelson and Malkan 1986), and a good 
picture of the SED may be built from data taken at different epochs. For those 
objects which are variable, the degree of variation is not enough to dramatically 
change the shape of the broad-band (radio -  X-ray) SED (e.g., 3C 273, Kidger 
and Beckman 1986) and no AGN considered as “radio-quiet” relative to its X- 
ray or optical continuum emission has been observed to become “radio-loud” . 
In the absence of our ideal spectrum we are motivated to construct broad-band
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SEDs of our sample of AGN from non-simultaneous data and treat conclusions 
that are strongly dependent on the exact spectral shape with caution. Where 
possible, simultaneous data were taken (e.g., much of the infrared and opti­
cal photometry and some optical-UV spectra) but in large the data are from 
different epochs.
In this chapter we present multi wavelength data from observations 
made during the course of this thesis and from satellite data archives. X-ray 
data are given for the 8 AGN appearing in Paper I (§4.2). Optical spectra for 
the AGN are given in §4.3 and ultraviolet spectra together with line flux and 
width data for all those emission line AGN observed with IUE are presented 
in §4.4. An analysis of the IUE spectrum of the BL Lac object H1722+119 is 
included in Chapter 7.
Optical (UBVRI) and near infrared (JHK) photometric data have 
been taken for 22 and 28 of the 35 AGN respectively and are tabulated in 
§4.5. Some objects were observed more than once and constraints on variabil­
ity of those sources are discussed. Optical and near infrared polarimetric data 
obtained with the Hatfield Polarimeter on the 3.9 m Anglo-Australian Tele­
scope (AAT) are presented for one third of the sample (including two BL Lac 
objects) in §4.6 and the results of coadding archived Infrared Astronomical 
Satellite (IRAS) data are given in §4.7.
Radio flux measurements of the AGN have been made with Parkes 
(8.4 GHz), the Fleurs Synthesis Telescope (1.4 GHz) and the Very Large Ar­
ray (VLA; 1.4 GHz and 4.9 GHz) ensuring an observation with at least one 
instrument for all the AGN. The radio flux data together with positional in­
formation for the VLA detections are listed in §4.8. In the final section of 
the chapter (§4.9) the basic properties of each AGN are summarized. These 
include celestial position, classification, redshift, luminosity and line ratios for 
selected emission lines. In Appendix A we list the formulae used in calculating 
the properties given in §4.9 and other useful relations used throughout this 
thesis.
A summary of the broad-band instrumental coverage for the sample 
is presented in Figure 1. The upper panel shows regions of the log /„ — log  ^
plane corresponding to each instrument used to obtain multiwavelength data.
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The extent along the frequency axis is defined by the coverage of the instru­
ment, the lower flux bound is defined by the limiting instrumental response 
and the upper bound is defined by the maximum flux detected from any of the 
sample AGN observed. In the lower panel we plot the same data transformed 
to the log v f v — log v plane in which a zero slope curve corresponds to equal 
energy per logarithmic frequency interval.
Since the broad-band spectra of the majority1 of the AGN must 
pass through all the instrumental regions in Figure 1, it is immediately appar­
ent that the global properties of the AGN must be very similar. The radio 
component appears to be distinct from the X-ray to infrared component from 
the lower panel and we investigate this in Chapter 5.
During the 5 years of the identification program a number of emis­
sion line objects have been discovered by virtue of their blue colours that were 
not later associated with the X-ray source for which they were candidates. 
These serendipitous objects are primarily distant (z = 1 — 2) QSOs and nearby 
H II regions and are of interest in their own right. Apart from the spectra ini­
tially obtained, many of the objects have been observed at other wavelengths 
in the course of the observations of the AGN sample. The basic data (celestial 
position, redshift etc.) and spectra associated with these objects are presented 
in Appendix B together with any other observations (radio, photometric etc.) 
made during the course of this thesis. The purpose of the Appendix is to 
ensure a record of these identifications and spectral measurements.
4.2 X -ray  O bserv a tio n s of th e  S am ple A G N
The 35 AGN studied in this thesis (“the sample”) were discovered during a 
number of spectroscopic observing runs between 1983 and 1988 (see §4.3). Of 
the 35 objects, 29 were previously unknown AGN and their discovery was 
announced in Papers I, II and Chapter 2 (Paper III). In Figure 2 we present 
the X-ray maps for those AGN given in Paper I. X-ray data for the 13 AGN 
from Paper III are given in Figure 1 of Chapter 2 and maps for the AGN in 
Paper II are not available at the time of writing.
*Data for some objects at some frequencies are not available.
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INSTRUMENTAL COVERAGE
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FlG. 1 .— Broad-band Instrum ental Coverage
Regions of instrumental sensitivity for all the instruments from which data has been de­
rived for the AGN investigated. The lower bound is defined by the limiting instrumental 
sensitivity and the upper bound by the maximum flux observed for any of the AGN in 
that band. The upper panel presents the data in log f u — log u space. In the lower panel 
we plot log v f u vs log v.
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F ig . 2.— X-ray Maps for the AGN
Each map shows the X-ray detections for the field and the AGN marked with a cross. The 
X-ray data are from HEAO-1 A1 (“1H”), HEAO-1 A3 (multiple diamonds), HEA0-A2 
(“H”), UHURU (“TJ”) and Ariel V (“A”). The dashed lines indicate a reanalysis of the 
LASS (Al) position.
74
Data from all the X-ray experiments available are plotted in Fig­
ure 2, including the HEAO-1 LASS (Al), MC (A3) and A2 experiments, 
UHURU (Forman et al. 1978) and Ariel V (Ricketts 1978).
4.3  O p tic a l  S p e c t r a
As described in §2.4, spectroscopy is the basic tool with which we confirm a 
source as the optical counterpart of a HEAO-1 X-ray detection and for AGN, 
provides vital information about the physical conditions in the gas surrounding 
the central engine. Notwithstanding the diverse spectral behaviour displayed 
by AGN, their classification is based primarily on the optical spectrum (per­
haps with the exception of blazars), a task gradually becoming less difficult 
as the numbers of AGN increase, and the various AGN classes become more 
clearly defined.
4.3.1 Spectral O bservations
The majority of AGN in the sample were discovered during six observing runs 
with the AAT and one with the Australian National University’s 2.3 m tele­
scope. Spectra were taken during 1983 May 17-18, 1984 February 8-9, 1984 
October 18-19, 1986 February 6-7, 1986 July 27-28 and 1988 February 22 
with the AAT and we denote these runs 1-6 respectively. The 2.3 m run (also 
denoted run 6) was during 1988 February 16-20. The spectra from runs 1-4 
were taken with the Royal Greenwich Observatory (RGO) spectrograph and 
the Image Photon Counting System (IPCS), a two dimensional detector with 
spectral coverage 3400 A -  7200 Ä, used with 10 Ä (FWHM) resolution. Data 
taken during runs 5 and 6 were obtained with the RGO spectrograph and the 
combined IPCS and Faint Object Red Spectrograph (FORS) with a dichroic 
mirror that split the beam at 5500 A. With the IPCS-FORS combination a 
spectral range of 3400 A -  10,000 A was achieved with resolution of 3 A and 
20 A (FWHM) for IPCS and FORS respectively.
Observations with the ANU 2.3 m telescope (run 6) were made with 
the newly commissioned Double Beam Spectrograph (DBS) with a wavelength
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coverage of 3400 Ä -  8000 Ä and a resolution of 3 Ä (FWHM). The DBS 
consists of a red and blue arm with separate gratings and a dichroic mirror 
that splits the beam at 5500 Ä. Each arm is equipped with a detector comprised 
of two intensified CCDs separated by a small gap. The gaps introduces small 
regions void of data at 4800 A and 7200 A.
In Table 1 we list the date of observation, telescope and expo­
sure time in seconds for each object. The Seyfert 1 galaxies H0509-f 116 and 
H2107—097 were observed by Dr. R. Remillard at Cerro Tololo and McGraw 
Hill Observatories respectively. HI 142—178 was also observed by Dr. Remil­
lard but a further higher signal-to-noise spectrum was made during run 6 with 
the AAT to complement observations with IUE.
We note that the entry for H2351—315 in Table 1 refers to the 
discovery of a Seyfert 1 galaxy. A BL Lac object subsequently discovered in 
this field is likely to contribute two-thirds of the flux to the LASS detection 
and the Seyfert galaxy, one-third.
Table 1 also lists an identification grade for each AGN which gives 
an indication of the certainty of the association with the X-ray source detected 
by the Modulation Collimator experiment of HEAO-1. An “A” grade indicates 
a very high probability and a i4B” indicates a high probability of identification. 
Further details were given in Papers I, II and Chapter 2.
The observing procedure was the same for all runs. Flux standards 
(Oke 1974; Stone 1977) were observed at the beginning and end of the night, 
together with smooth spectrum standard (SS) stars2 (taken from the AAT list) 
to allow for removal of the telluric atmospheric bands in the red. Either Fe-Ar 
or Fe-He comparison arcs were observed for wavelength calibration and flat 
fields for removal of pixel-to-pixel detector variation.
4.3.2 S p e c tra l R e d u c tio n
Spectral reduction was carried out using the two dimensional image reduction 
packages PANDORA and FIGARO with the Mt. Stromlo Observatory VAX 785.
2Smooth spectrum stars are metal weak stars.
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TABLE 1
Observing Log for the AGN Sample
Name Date Runa Telescope13
Exp.
(sec)
Id
Gradec
H0122—281 86 Jul 27 5 A AT 900 A
H0217—639 86 Jul 27 5 A AT 600 A
H0258—015 86 Jul 28 5 A AT 800 B
H0258—126 88 Feb 16 6 ANU 3000 B
H0307—722 84 Feb 8 2 A AT 1500 A
H0339—822 86 Feb 6 4 A AT 1000 A
H0419—577 88 Feb 22 6 A AT 500 A
H0448—041 86 Jul 27 5 A AT 500 A
H0509+116 82 Dec 23 — MGH 1000 A
H0510+031 86 Feb 6 4 A AT 500 B
H0523—118 84 Oct 18 3 A AT 700 A
H0557—503 84 Feb 8 2 A AT 1000 B
H0620—646 88 Feb 17 6 ANU 3000 A
H0635—431 88 Feb 20 6 ANU 2500 A
H0659—494 83 May 17 1 A AT 1500 A
H0828—706 86 Feb 6 4 A AT 500 A
H1100—230 84 Feb 8 2 A AT 800 A
H1118-431 86 Feb 6 4 A AT 500 A
H1142—178 88 Feb 22 6 A AT 300 A
H1325—246 86 Feb 6 4 A AT 600 A
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TABLE 1 
(CONT.)
Observing Log for the AGN Sample
Name Date Runa Telescopeb
Exp.
(sec)
Id
Gradec
H1338—144 86 Jul 28 5 AAT 500 B
H1444-553 88 Feb 22 6 AAT 1300 A
H1504+035 86 Feb 6 6 AAT 300 B
H1613—097 88 Feb 16 6 ANU 4000 A
H1722+119 86 Ju l 17 5 AAT 600 A
H1739—126 86 Jul 17 5 AAT 1000 B
H1836—786 83 May 17 1 AAT 1000 A
H1927—516 83 May 17 1 AAT 1200 A
H1934—063 84 Oct 18 3 AAT 1000 A
H 2044-032 86 Ju l 28 5 AAT 2000 B
H2107—097 82 Oct 25 — CTO 1500 A
H2129—624 83 May 17 1 AAT 850 B
H2236—372 86 Jul 27 5 AAT 1000 B
H2303+039 84 Oct 18 3 AAT 1200 A
H2351—315 84 Oct 18 3 AAT 1000 A
a Run numbers 1-6 refer to: 1983 May 17-18, 1984 February 
8-9, 1984 October 18-19,1986, February 6-7, 1986 July 27- 
28 and 1988 February 22 with the AAT and 1988 February 
16-20 (also run 6) with the ANU 2.3 m telescope. 
b Observations were made with the AAT, the Australian Na­
tional University 2.3 m telescope (ANU), the McGraw Hill 
1.3 m telescope (MGH) and the Cerro Tololo Inter-American 
Observatory (CTO).
c The probability that the AGN is the optical counterpart 
of the X-ray source. An “A” indicates very high and a “B” 
high probability.
78
The initial steps were the same for all data: division by the flat field, iden­
tification of the “star'’ and “sky” rows in each two dimensional image, sky 
subtraction and reduction to a one dimensional spectrum, arc identification 
and wavelength calibration. In the final stage the flux standards were fitted 
to their absolute values and the instrumental response was derived and used 
to produce flux calibrated data. In the case of red (A > 7000 A) spectra a 
correction was made for the telluric absorption bands. IPCS and FORS data 
were found to agree to better than 50% at 5500 A and were scaled and joined 
accordingly. Where optical photometry was available the merged spectra were 
convolved with the standard filters and scaled to the appropriate V  magnitude. 
Colours derived from the spectra in this manner agreed with the photometry 
to within ±0.1 mag.
We now make some additional comments on the reduction tech­
nique for each instrument.
IPCS For those spectra taken with the IPCS and FORS combination, care 
with fitting the flux standards was necessary to remove the response of 
the dichroic. A series of narrow features (due to the dichroic) in the blue 
could only be removed by including a high frequency component in the 
fit. With no dichroic, the features were not introduced into the spectra 
and the instrumental response was described by a much simpler function, 
typically a low order polynomial.
FO RS Due to the sensitivity of FORS, useful data was obtained to 10,000 A. 
Substantial absorption features due to the H2 O and O2 molecules appear­
ing redward of 7000 A were removed by dividing each spectrum with a 
normalized “sky” spectrum derived from the SS stars. The continuum for 
each SS star was fitted and subtracted leaving only the telluric absorp­
tion features descending from a continuum of 1.00 (any spectral features 
from the SS star such as the triplet Ca II AS662 and Ha: were interpolated 
over). An average “sky” spectrum with high signal-to-noise was formed 
from all the normalized SS star spectra and scaled so as to remove the 
strongest molecular band in the spectrum of each object3.
3The strength of the telluric molecular bands vary with airmass. Ideally, a comparison 
is observed for each object.
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Further features introduced by the dichroic were removed in a final step 
using an average, normalized SS spectrum. The SS spectrum was divided 
by a T = 5000 K blackbody spectrum and all spectral features were 
interpolated over. The resulting “kinks” spectrum was then divided into 
all the spectra to remove the last instrumental effects.
DBS Data from each arm was divided into two sets (one per CCD) resulting 
in four independent sets of spectra. The spectra were joined at the com­
pletion of reduction and were found to match without adjustment across 
the CCD gaps and within 50% across the dichroic. Special attention was 
paid to flat-fielding the data.
In Figure 3 we present the optical spectra for 28 AGN in the 
sample4. IPCS and FORS spectra have been joined as described and selected 
emission lines in the rest frame of the AGN, are indicated on each diagram.
4 .4  U ltra v io le t  S p e c tr a
The International Ultraviolet Explorer5 (IUE) has been in almost continuous 
operation since its launch in January 1978, obtaining more than 60,000 high 
and low resolution ultraviolet (UV) spectra in the wavelength range 1150 A 
-  3200 Ä and is considered one of the most successful astronomical missions 
ever undertaken.
Observations were made (by the author) with IUE of H2107—097 
and HI 142—178 at Goddard Space Flight Center (GSFC) on 1988 May 19 and 
20 respectively. In addition, observations were made by Dr. R. Remillard of 
H0523—118, H0557—503 and H1934—063 for the author on 1987 September 
20. While observing at GSFC, the merged log of all IUE observations was
4The spectra not shown here are for the objects H0448—041 (MCG-01-13-025), 
H0509+116 (Remillard 1985), H1100-230 (Remillard et al. 1989b), H1142-178 (Remil­
lard 1985), H1722+119 (Chapter 7), H2107-097 (Remillard 1985) and H2351-315 (Remil­
lard et al. 1989a).
5The IUE Project is co-sponsored by NASA, ESA and SERC. SERC refers to the UK 
Science and Engineering Research Council, formerly the Science Research Council (SRC).
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FlG. 3 .— Optical Spectra of the Sample AGN
Spectra obtained using the AAT were either taken with the IPCS (3400 A- 7200 A) or 
the combined IPCS and FORS (3400 A- 10000 A). In the latter case, IPCS and FORS 
spectra have been joined at ~  5500 A. Spectra obtained with the 2.3 m DBS display small 
gaps at 4800 A and 7200 A corresponding to joins in the detector chips. Selected emission 
lines in the rest frame of the AGN are indicated.
81
3
f c ,
0)
>
• i H
cö
— I
(D
Di
.<
l-c-t
H 02 5 8 —015
4000 5000 6000 7000 8000 9000 10000
3
r ■ H
<D
>
» rH
jti
'ö>
Di
«<
Dh
H 0 2 5 8 —126
4000 5000 80006000 7000
FlG. 3 .— Optical Spectra of the AGN Sample (Cont.)
JT
1) 
xl
O
82
H 0 3 0 7 —722
70005000 60004000
o
i H
x
P=H
H 0 3 3 9 —822
2 ?  S
9000 1000080006000 70004000 5000
FlG. 3.—Optical Spectra of the AGN Sample (Cont.)
Ä~
‘) 
xl
O
33
H0419—577
f  2 i?§ 3  ?
lOOOO900080007000600050004000
H0510+031
10000900080006000 700050004000
FlG. 3.—Optical Spectra of the AGN Sample (Cont.)
r
‘) 
xi
o
o
i H
x
I
t/3
so
Gfl
0)
H 0523—118
•S  ~  I
70005000 60004000
oo
CV!
ßo
Öfl
(U
C*-i
PKS 0 5 5 8 -5 0 4
700060004000 5000
FlG. 3 .— Optical Spectra of the AGN Sample (Cont.)
85
3
r ■H
x
<D
>
jÖ
QZ
, <
H 0 6 2 0 -6 4 6
80007000600050004000
H 0 6 3 5 —431
80007000600050004000
FlG. 3.— Optical Spectra of the AGN Sample (Cont.)
A 
l) 
xl
O
15 
Fx
 
(e
rg
 c
m
 2
s 
*A
 *
) 
xl
O
86
H 0 6 5 9 - 4 9 4
6000 70004000 5000
H 0 8 2 8 -7 0 6
90007000 8000 100004000 5000 6000
FlG. 3 .—Optical Spectra of the AGN Sample (Cont.)
87
H1118-431
4000 5000 6000 7000 8000 9000 10000
H1325—246
4000 5000 6000 7000 8000 9000 10000
Fig . 3.—Optical Spectra of the AGN Sample (Cont.)
Ä 
*) 
x 
10
88
H 1 3 3 8 —144
o'z  srs: -ür
4000 5000 6000 7000 8000 9000 10000
H 1 4 4 4 —553
2 f a
4000 5000 6000 7000 8000 9000 10000
F i g . 3.—Optical Spectra of the AGN Sample (Cont.)
Ä
'1)
 
x 
10
89
H1504+031
4000 5000 6000 7000 8000 9000 10000
H1613—097
4000 5000 6000 7000 8000
F ig . 3.— Optical Spectra of the AGN Sample (Cont.)
A 
J) 
xl
O
15 
Fx
 
(e
rg
 c
m
 2
s 
*A
 l
) 
xl
O
90
H 1739—126
4000 6000 7000 8000 9000 100005000
H 1 8 3 6 —786
2 ?  ? 5
s  I
700050004000 6000
Fig . 3.—Optical Spectra of the AGN Sample (Cont.)
OTx (,_y.
£o
s-l
(Ü
<
FlG.  3.—Optical Spectra of the AGN Sample (Cont.)
'A-
') 
xl
O
92
3
r—-H
kn
0)
>  
-1—I
ö;
PI
H 2 0 4 4 —032
4000 5000 6000 7000 8000 9000 10000
H 2129—624
s | |
4000 5000 6000 7000
FlG. 3 .— Optical Spectra of the AGN Sample (Cont.)
93
x
$
<u
>
•l-H
CÖ
r» ■'<
<D
-<
H2236—372
4000 5000 6000 7000 8000 9000 10000
H2303+039
2 * S
4000 5000 6000 7000
F ig . 3.— Optical Spectra of the AGN Sample (Cont.)
94
searched for all observations of AGN in the sample, and spectra requested 
for all available observations. Observations had been made of 11 objects in 
the sample and useful spectra was available for 7. In Table 2 we list the 
observational details for the 7 objects including names, proposing astronomers, 
dates, cameras (see below) and exposure times.
The scientific instrument onboard IUE is a 45 cm f/15 Cassegrain 
telescope equipped with an offset star tracker and two echelle spectrographs 
covering the spectral range 1150 A - 3200 A. The two cameras housing the 
detectors (SEC Vidicon Cameras) are the Short Wavelength Prime (SWP: 
1150 A - 2000 A) and Long Wavelength Prime (LWP: 1825 A - 3300 A) cam­
eras, both with a resolution of 6 A (operation was in low dispersion mode). 
Observations consisted of offsetting from a bright (5 — 6 mag) SAO star6 and 
taking an exposure with each camera. Due to the nature of the detectors, 
saturation (typically in the brightest emission line) could not be detected until 
after the exposure and completed and the data read out. Care was therefore 
taken in estimating suitable exposure times.
The data was reduced at the Regional Data Analysis Facility 
(RDAF) in two stages. The spectra was first extracted (by RDAF staff us­
ing an automatic procedure) and secondly flux calibrated and analysed. The 
reduction was performed using procedures written in IDL on a Vax 8350 and 
resulted in smoothed, joined (SWP and LWP) spectra, continuum fits and 
emission line strengths, widths and equivalent widths. The spectra for all the 
emission line AGN are presented in Figure 4 and the emission line properties 
are given in Table 3. In the cases of multiple observations (exposures) no 
evidence for variability was seen and the data have been summed to increase 
signal-to-noise.
4.5 O p tica l a n d  In fra re d  P h o to m e try
Optical photometry (UBVRI) of the AGN sample were obtained for three rea­
sons: (1) to scale optical spectra to absolute flux and correct for any light lost
Observations with IUE are possible only for objects brighter than V ~  15 — 16 mag 
and only objects brighter than ~  11th mag can be seen with the Fine Error Sensor (FES) 
detector which is used for identifying the field and target object.
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TABLE 2
Observations of A G N  with IU E
Name Proposer Date Camera Imagea Exposure13
H0122—281 I. Bues 85 Nov 26 LWP 7188 90
SWP 27174 80
H0523—118 R. Brissenden 87 Sep 20 LWP 11666 170
SWP 31886 200
H055T—503 R. Remillard 87 Sep 21 LWP 11686 180
87 Sep 22 SWP 31899 230
H1142—178 R. Brissenden 88 May 20 LWP 13268 80
LWP 13269 80
SWP 33570 80
SWP 33571 70
SWP 33572 80
H1722+119 M. Urry 86 Sep 25 LWP 9170 170
87 Sep 28 SWP 29319 300
87 May 5 LWP 10697 125
87 May 7 LWP 10705 250
87 May 7 LWP 10705 250
87 May 8 SWP 30936 405
H1836—786 C. Boisson 85 Mar 4 LWP 5453 165
SWP 25355 180
H2107—097 A. Boggess 87 Jun 7 LWP 10937 240
LWP 10938 150
87 Jun 6 SWP 31111 310
R. Brissenden 88 May 19 LWP 13261 120
SWP 33560 240
SWP 33561 46
a The image number of the spectrum. 
b Exposure time in minutes.
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Spectra obtained with IUE. The spectra were extracted from the IUE data archives at 
Goddard RDAF and reduced using the reduction system IUESIPS. Both SWP and LWP 
low dispersion spectra have been joined at 1980 Ä.
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TABLE 3
Emission Line P roperties for IUE Observed AGN
Name Ion Fluxa Ratiob
EW
(A)
FW HM 
(k m  s-1 )
H0122—281 Lya 3.0 x IO '12 1.00 86.2 3200
C IV 1.1 x 10-12 0.37 59.7 2900
Mg II 1.8 x 10-12 0.32 93.9 1800
H0523—118 Lya 6.3 x IO '13 1.00 86.2 3200
C IV 2.4 x 10~13 0.37 22.4 1250
Mg II 1.2 x 10-13 0.19 18.7 2000
H0557—503 Lya 7.3 x IO“ 13 1.00 25.3 2900
C IV 2.8 x IO '13 0.38 15.4 2300
Mg II 1.2 x IO '13 0.16 15.9 1150
H1142—178 Lya 5.9 x 10-12 1.00 262.4 3400
Si IV 6.8 x IO"13 0.12 39.0 3750
C iv 4.2 x lO"12 0.71 213.5 2900
Mg II 5.4 x lO"13 0.09 47.9 1600
H1836-786 Lya 9.2 x 10-13 1.00 130.3 5100
C IV 5.0 x 1 0 '13 0.54 82.1 3600
Mg II 1.5 x lO"13 0.16 32.9 2000
H2107—097 Lya 1.5 x 10-12 1.00 160.2 3950
Si IV 3.8 x 10-13 0.25 53.7 4400
C IV 7.8 x lO” 13 0.52 81.8 2250
C III] 2.5 x 10"13 0.17 37.5 2400
Mg II 1.9 x lO’ 13 0.13 25.2 1250
a All fluxes are in units of erg cm-2 s-1 and have an uncertainty of 
±10%. Additional uncertainty is caused by the blending of [N V] with 
Lya.
b Integrated relative line flux (Lya = 1.00).
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during slit spectroscopy, (2) give absolute flux points on the broad-band SED 
plot for each object and (3) test for variability for those objects with observa­
tions at different epochs. Near-infrared (JHK) photometry was obtained for 
reasons (2) and (3).
4 .5 .1  O p tica l P h o to m e tr ic  O b servation s
Optical photometric observations were made with the ANU 2.3 m telescope 
using either the Twin Channel Chopper (TCC) or the Single Channel Aper­
ture Photom eter (SCAP). The TCC has eight selectable object/sky apertures 
separated by 61". Light from the object and sky is deflected by a rotating 
(18 Hz) chopper to two photomultiplier tubes (Hammamatsu GaAs and S21) 
so tha t when one tube is detecting sky the other is detecting the object. In this 
manner, two independent sets of photom etry result. The SCAP instrument 
is a single channel device operating with an S21 photomultiplier tube. The 
m ajor functions (aperture movement, filter change etc.) for both the TCC and 
SCAP are controlled by a PDP 11 mini-computer.
Observations were made during a number of runs at Siding Spring 
Observatory during 1986-1988. A typical observing session (one night) in­
volved taking measurements of 6 — 10 standard stars (Graham 1982; Landolt 
1983) three times during the night to bracket the program objects. The pho­
tom etric reduction package SPIDER was used to reduce the data to absolute 
photometry. All observations were made through a 10" circular aperture in 
clear moonless conditions with seeing < 4". In Table 4 we present the optical 
photom etry for the sample. Some objects have been observed more than once.
The only objects to display a significant (>  3 cr) change in V  mag­
nitude between 1986 December and 1987 May were H i l l 8—431, H 1142—178, 
H1325—246 and H1504-f035. They varied by 0.31, 0.24, 0.68 and 0.42 mag 
respectively with no associated colour change except H1504+035 which bec- 
came redder when brighter. Changes of this size are not uncommon in Seyfert 
galaxies and low redshift QSOs (e.g., see Pollock et al. 1979; Miller 1979).
T
A
B
L
E
 4
100
w
rJ
CL,
S
<
CO
£
O
<
H<
£
w
05
CQo
Ü
cd
H
w
So
H
O
cc
Ph
rJ
<
Ü
0*
O
-H
CMOCMCMp LOp ocqCOp COp CMo CMp COp 1
CMp CMp 05p CMP top
ÖOo ÖÖÖÖÖOo ÖOo o o
LO 05 o rH lO CMt- 05 05 rH rH CM
1 00 p p t—H p p CMCOp p 1 P P p p p
o H r-H r-H o o rH rH rH o o o rH Öo
rH COCM o CMCMCMCM CMCMCOCMrH
-H o p p p CMp p p p p 1 p p p p p
o o o o ÖÖOo o Ö ÖÖo Öo
ccj o COCMCMo toCOto05 h- O00 05 to to
1 CMp p p p r-H p p p P 1 p rH rH
o o Öo Öo o o o o o o o o o
CM1—H o LO oo CMCM LO CMCM rH CMCO
-H Op p p COp p p p p p p p p p pÖo o ÖÖo o o o ÖÖo o ÖÖo
COoo rH o LO o to LO LO COCMTT LO
1 CMp p oq oq p p p p p p p p oq p p
cq
o Ö Ö o o o o 1—H o o o o o o Oo
r— toCMtoo tocoCMCMLO CMCMCMCMCMto
-H o p p p CMp p p o p o o o Op po o Ö Ö Ö o Ö o Ö Ö Ö Ö Ö o Oo
cq o to LO o 05 LO coH CM COCOo CM
1 05 C O CMp r-H CM CMp p p p p p oq oq1 o o o o ÖrH ÖÖÖÖÖÖÖo Öo
1 1 1 1 1 1 + 1 1 1 1 1 1 1 1 1
CM05 l-H COo COCMCMCMCMCMCMCM rH CMp p p p COp p p o p p p p p p p
o ÖÖÖo o o Oo o Öo o ÖÖO
lOoo oo COo to oo CMto 05 00 CMt- oo toCOJO p p p p CMH p oq p p oq p p p rH
H* HLO LO to toH LO H H LO LO LO LO
r-H rH 1— 1 r-H r-H rH rH rH rH rH rH rH rH rH rH rH
"Ü 05 05 to to to t~- to tototo toto 05 to
o> 00 oo oo oo 00 00 oo 00 00 oo 00 oo oo 00 oo oo03 > 05 05 05 05 05 05 05 05 05 05 O S 05 05 05 05 O S
H rH 1—1 r-H rH rH iH rH H rH rH rH rH rH r-H rH
O  £ X303 -o03
u03 rO03 o03
0303 0303 rO0) X >03
0303 H rO03
0303 rO03
CJ03 >,
O P-l Q (H Q Q Q fH Q O Pin Q Q s
«3
03s
o
5z;
h  03 M CS 
0 0  CO OS ON 
O) CO N  OO
0 3  N  N  O ) 
CM -—I O  CO 
H  (N M «o o o o
M «  W «
t~— r—I t o  i-1 o o
N  't f  CO CO r-H
LO O  r—I o I—I
I I +  +  I
0 3  0 0  0 3  O  CO
r-t r r  O  1—I CM
T f  iO  cO lOo o o o o
M  h H  I H  M  M
H H  H H  H H  H H  H H
COo
LO
t"-
lO
LOo
«
CO
® I o
CO
Io
D
ec
 1
98
7 
15
.0
8 
0.
03
 
-0
.8
3 
0.
06
  ^
0.
24
 
0.
05
 
0.
13
 
0.
04
Fe
b 
19
89
 
15
.0
4 
0.
03
 
-0
.8
5 
0.
03
 ' 
0.
29
 
0.
01
 
0.
21
 
0.
06
T
A
B
L
E
 4
(C
O
N
T
.)
101
w
a. 
S 
< cn
£
O
<
w
H
u*
O
C /3
z
O
H<
£
Cd
C /3
COo
u
cd
H
W
S
oHO
K
PU,
i_3
<
Ü
Ho,o
03o>
03 >
"o cD
Q £
O
CO CO Xf to CO CO CO 00 CO CO xf t-H Xf
-H 1 1 p p p p r-H p 1 p 0 p p 0 0 0
0 Ö Ö Ö 0 0 Ö 0 0 0 Ö 0 Ö
l-x to 00 xf r- xf 0 CM CO 03 CM r- co 00
1 1 1 p to p p 00 1 r-H p p O P p p
Ö 0 0 0 0 0 t-H t“H Ö t-H 0 0 O
xf xf CM CO xf 03 CO CO CO CO CM CM t-H CO
-H 1 p p p p p P p 1 p p p p p p p0 0 O 0 Ö O 0 0 0 Ö 0 O 0 0
xf xf 00 to xf 0O co 03 CO r-H t-H 03 co f-
1 1 to p CM p p P p 1 xf Xf p p xf CO p
0 Ö 0 Ö 0 Ö 0 O Ö 0 Ö O 0 Ö
CO xf CO CO CO Xf CM CM to xf to CO to xf CM t-H
-H 0 p p p p p t-H p p p p p p p O p
0 Ö O Ö Ö Ö Ö O 0 O Ö 0 0 0 O 0
xf 00 to 00 CO r- to CM to XT 00 03 0 CO t—H t—H
1 tO f- CM p p p t-H p xf f~- p p p f~- xf Xf
0 0 0 0 0 0 Ö O Ö Ö 0 0 0 Ö 0 Ö
t-- CO f- 00 CO XT 00 CO to CO 00 CO CO t—H t-H CM
-H 0 p p p p p p p p p p p p p p p
0 0 0 0 0 O Ö Ö 0 Ö 0 0 0 Ö 0 O
oq xf CM i-H CO to CO to to t-H 03 t - t-H CO 1—( 0 co
1 C3 p p 0- t - p p p XT p p f- t - 0 01 O Ö Ö 0 0 Ö 0 0 0 O 0 Ö Ö 0 t-H t-H
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CM r- xf t-H CM CO 0 0 to CM to CM CM CO t—H CM
O p p P p p p t-H p p p p p p p O
O 0 0 O 0 Ö Ö 0 Ö Ö Ö Ö Ö 0 0 Ö
t-H t - 00 CO 0 CO t-H CO to O 03 xf t—H CM t—H.a 00 p p t-- p p p p to O t-H p 0 p p p
tO tO tO to CO co CO co CO t-3 xf tO tO Xf Xf
t-H r-H t-H t-H t-H rH t-H r-H t-H t-H t-H t-H t-H t—H t-H t-H
O )
00
0 3
03 co £■ oo oo og
0 3  0 3
CD O ^oo 00 oo0 3  0 3  0 3 0 1 0 ) 0 3 5 0 ) 0 3 ^ 0 5 0 3  
—j —j «—< i“H __j t-H _ j t-H
'S 'S 8(H (H Q
0) o
C*H Q
>> 4D 2^ O 03 a; 43
coxf
CO
I
o
CMcoo
w
xf
0 3xf
I
0 3
tO
COo
«
COot"-
I
oo
CM
ooo
w
CM
x f
t-H
I
CM
COo
«  w
o
CO
CM
I
oo
^ - g  33
S  Q
CO
x f
S’ 33
s  o
00t-
>->c3
I
CM
Xf
H
13
25
-2
46
 
Fe
b 
19
86
 
15
.3
7 
0.
02
 
-0
.2
3 
0.
02
 
0.
71
 
0.
02
 
0.
55
 
0.
03
 
1.
13
 
0.
03
M
ay
 1
98
7 
16
.0
5 
0.
05
 
-0
.1
1 
0.
04
 
0.
87
 
0.
02
 
0.
55
 
0.
02
 
1.
12
 
0.
04
O
p
t
ic
a
l
 P
h
o
t
o
m
e
t
r
ic
 O
b
s
e
r
v
a
t
io
n
s
 o
f
 t
h
e
 A
G
N
 S
a
m
p
l
e
102
-H
»—I
I
I
I
cq
I
U
-H
-Ü
03<u
CV >  
O)
Q £
o
«3o>
£d
Jz;
l O I N O O i N ^ i O ^ i No o o o o o o o
O O O Ö Ö O O O
l O N M N H C O C O O
N o o 5 0 ) © c q o i o o
O r H O O O r H O O
CO CM CM t—l
O  O  O  O
O  Ö  Ö  O
O  «  N  i d
o  l O  o  o  
O Ö o o
o o o 
o d d
N io S oo ^  ^  
o d d
CM t -o o 
o o
»- oo
O  00 
r —I o
CM i O
o o 
cd cd
o
I ^  '*>
o o
I I
I I
C M C M C O C O O < C O C O ' O l C M C M i O i O C Oo o o o o o o o o o o o o
d d d d d d d d d d d o d
O O O l i M O O O N ^ Ü O l N M O O
C O N C D i O ' ^ O ' ^ O N N ' ^ t O C l
d d d d d d d d d d d o d
CM CM CM O'
o o o o 
d o d o
oo co o o 
o  ^  N  i O
d o d o  
I I I I
^ H i M C M C M l N ^ ' l '
O O O O O O O O
d d d d d d d o
^3* O0 t—i t o  t—i  O j
mT O O O s C M C O O O O O t—l
d d d d d d d o  
I I I I I I I I
C M C M i —I t—i C M C M C M C O C M C O O O ^ f C M
o o o o o o o o o o o o o
d d d d d d d d d d d o d
CO i o  N  N  r - i O ' ' G C M 0 5 0 C O lD O  
c O c o o t r ^ O o r j T ' ^ ' C O O M , c O T —i f —
■ d d d d d d d d d d d i d d
g l g g l g g g g g g g g
I>> r* 4^> r* 4-3
n j T j a j ^ H c t d j a j ü ^ a J H Ü
r H
I
oo
CO
CO
i O
COo
+
o
IO
+
CM
CMt—
CD
CM
CO00h-
I
CO
CO00
CO
COo
I
Tt*
CO03
«  S3 w « w w
t-
COo
I
t-o
r-H
CM
S3
-cf<
CM
CO
I
05
CM
r-H
CM
S3
0 5
COo
+
COo
CO
CM
w
-*J -u0 o c c
£ o 
£ a  
2 5 
7  .£P
1 I*  
LO
£ * 
S3 cm'" 
-a ^
i  I
CM g §
& 2 
I S3 
eo *3
CM O
s e S3 o
a 1
°  2  
I .s
s -
S3 o
CO
c d  nj 
lO
« -2 
I O tT 2-TJT ^
ffi
CO 
CM
7oo
LO 
CM
o  
S3
£d
bCO
Oh
'S
E- o 
« 'S„  o
O  -G
I
6  S3
^  £
<U «3L-h • —
33 'O
'S 5 
<x> o  
CX T- 1 
<E| «3
1  ’ bb
<3 2
_G ,-G
Ü ^ 
<D S 
" b b ^
.5
CO <U
U <u
-C
rt
w 'S
m Q<D
£ >> CXO O -C
O
b O4-3 <D 
0 ) • '— 3c ^
!  s,o c 
xi «3
& L-h
<D (O
5 >>
03 +2 c 0)
S E
§ ° 2 o ^ -Cc cx
> hO
hO 'U  
d ^ 
hO "O C
■ §
^  ° 
8 ß
§ > 5
'Sac
«3
-C
O g
5 o
£ 1o >
“ S ^ J
V 1
bO
.£
u.  -I * "S -o
. £  CX  ~£ >  <u
^  ^  <u CX
H sp ^
4 o
80)
&
x: 72, o
* *  CO
'S ^
 ^ <X O _ 
CX O o 
<L> O ^  <u
E 'S ^  '
8cx S3
oo (U .2  ^«
c 5  - 5  8  g  ^  . S
°  !  I  s
G
E
CL)
§ S I  c<X> 3
bO L.
2 
>$-4 CO
G a3 O 
o
C
'Scö-a 
-G---I bO -4-3
K  . a  J3  8  «  'S  s
•C  • =  >  M  'S  05 4, .«s 3 d m ,ß S ^
- S « cx o ^  ^ ^ . E ^ 3 g 2 2 >
° G - t3 0 S S < U ' 0 ' ^
-Ö S3^o = g 3 Je I  « 
3  <  I  .s E-1 § • §
O  CO xQ ^ > O u  &
C^O
a;
103
4.5.2 Infrared O bservations and R eduction
Near-infrared (JHK) observations were made with the Infrared Photometer 
System (IRPS) using the ANU 2.3 m telescope with a gold plated chopping 
secondary mirror (operated at 6 Hz). Standard stars (McGregor 1987) were 
observed in the same manner as for the optical photometry and a standard 
reduction technique used to obtain colours on the MSO system (Jones and 
Hyland 1982; Elias et al. 1983; Bessell and Brett 1989). All observations 
were made through a 10" circular aperture in clear moonless conditions. Data 
were taken during two runs, 1987 May 21-25 and 1987 October 17-22 and 
a number of objects were observed twice. The infrared photometry together 
with the observation date and 1 a error are presented in Table 5. Within 
each run objects were often observed multiple times and in these cases the 
error quoted in Table 5 is the weighted mean of the errors resulting from the 
separate observations (in no cases were the data seen to vary significantly 
within a given run).
None of the objects with observations during both runs show signifi­
cant variation in either magnitude or colour. The only possibility is H1927 —516 
whose J  magnitudes for the two runs are 13.64 ±  0.05 and 13.79 ±  0.02. The 
difference has a significance of 2.8 <r and does not meet our criteria of > 3 a. 
The colours at the two epochs were not significantly different. The lack of 
variability in the near-infrared is consistent with the results of other infrared 
studies of AGN (e.g., Rieke 1978) confirming that infrared variability is un­
common in Seyfert galaxies. In addition we note that there are no cases of 
variability amongst the Seyfert galaxies observed by the IRAS satellite (Soifer 
et al. 1987).
4.6  P o la r im e t r y
We undertook polarization measurements primarily to confirm a number of BL 
Lac object candidates, however observations were made of as many other AGN 
as possible during the single night run. The results for the BL Lac candidates 
with null detections are not reported.
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TABLE 5
Infrared Photometry of the A G N  Sample
Name4 Dateb J ± c J - H ± H  — K ±
H0122—281 87 Oct 13.95 0.05 0.83 0.06 1.19 0.04
H0217—639 87 Oct 14.02 0.13 0.96 0.14 0.96 0.08
H0258—015 87 Oct 12.02 0.03 0.75 0.03 0.47 0.03
H0307—722 87 Oct 13.26 0.09 0.77 0.11 0.50 0.08
H0339—822 87 Oct 14.43 0.07 0.74 0.09 0.51 0.09
H0419—577 87 Oct 13.47 0.03 0.48 0.05 0.92 0.04
H0448—041 87 Oct 12.15 0.04 0.78 0.03 0.64 0.02
H0510+031 87 Oct 12.94 0.03 0.62 0.04 0.39r 0.04
H0523—118 87 Oct 12.89 0.03 0.68 0.04 0.78 0.04
H0557—503 87 Oct 13.97 0.04 0.78 0.11 1.03 0.12
H0659—494 87 May 14.22 0.04 0.73 0.04 0.76 0.01
H0828—706 87 May 14.99 0.04 0.81 0.14 1.15 0.14
H1032—114 89 Feb 12.63 0.03 0.58 0.03 0.98 0.03
H1100—230 87 May 14.96 0.14 0.82 0.15 0.57 0.10
HI 118—431 87 May 13.05 0.05 0.75 0.06 0.77 0.04
H1142—178 87 May 12.97 0.02 0.75 0.03 0.80 0.03
H1325—246 87 May 13.72 0.08 0.74 0.13 0.48 0.21
H1338—144 87 May 12.86 0.03 0.80 0.05 0.76 0.06
H1504+035 87 May 12.92 0.07 0.76 0.09 0.54 0.06
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TABLE 5 
(CONT.)
Infrared P hotometry of the A G N  Sample
N am ea D ateb J ± c J - H ± H - K ±
H1722+119 87 May 13.76 0.05 0.76 0.08 0.75 0.07
H1739—126 87 M ay 12.80 0.05 1.22 0.06 1.14 0.04
H1836—786 87 M ay 13.31 0.10 0.77 0.11 0.78 0.06
87 O ct 13.38 0.02 0.79 0.04 0.78 0.02
H1927—516 87 M ay 13.64 0.05 0.73 0.06 0.70 0.04
87 O ct 13.79 0.02 0.71 0.02 0.69 0.02
H1934—063 87 M ay 12.00 0.06 0.86 0.06 0.73 0.03
87 O ct 12.00 0.02 0.81 0.02 0.74 0.02
H2044—032 87 M ay 14.89 0.08 0.66 0.09 0.82 0.08
87 O ct 15.00 0.12 0.57 0.11 0.91 0.11
H2107—097 87 May 12.54 0.05 0.85 0.06 0.92 0.04
87 O ct 12.53 0.02 0.84 0.05 0.90 0.04
H2129—624 87 M ay 13.59 0.07 0.87 0.09 0 .84 ' 0.06
87 O ct 13.55 0.02 0.83 0.03 0.79 0.03
H2236—372 87 May 15.24 0.12 0.86 0.14 1.02 0.09
87 O ct 15.10 0.12 0.69 0.07 1.15 0.05
H2303+039 87 M ay 13.68 0.07 0.88 0.08 0.61 0.04
a The objects H0258-126, H0509+116, H0620-646, H0635-431, 
H1444—553, H1613—097 and H2351—315 where not observed during the 
infrared photometry program. Note also the inclusion of the bright QSO 
H1032 —142 not studied in this thesis.
b All Observations were made with the Infrared Photometry System 
using the 2.3 m telescope at Siding Spring Observatory. Data were taken 
during 1987 May 21-24 and October 17-22 through a 10" aperture in 
clear dark conditions with seeing < 4".
c The errors are 1 a.  Most objects were observed more than once during 
a given run and the photometry quoted is the weighted average of the 
multiple observations. None of the objects exhibited variability within 
a given run (i.e. over a 4 or 6 day timescale).
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Optical and near-infrared polarization measurements were made of 
twelve AGN from the sample (including two BL Lac objects) with the AAT 
on 1987 February 26 using the three channel Hatfield Polarimeter. The in­
strument (Bailey and Hough 1982) allows both polarimetric and photometric 
measurements in three standard photometric bands simultaneously and may 
be used to detect wavelength dependent polarization and position angle. Data 
were taken in the B, V, R, I, J and H bands through a circular 6" aperture 
and errors were derived from the statistics of many (typically 20 — 30) short 
integrations. The polarization data were calibrated (polarization and position 
angle) against an internal calibrator and the standard HD 147084 for which 
values of 4.3% and 32° were taken for polarization and position angle respec­
tively (Serkowski 1974). Photometric standards of Graham (1982) and Landolt 
(1983) were used to calibrate the photometry but the data reduction indicated 
non-photometric conditions and the photometric data were of no value. The 
measured polarization with 1 a error and position angle with error are listed 
for all bands for each object in Table 6.
Five objects displayed significant (> 3 a) polarization in one or 
more bands:
H 0523—118 Detected in B  and V  with the same position angle, suggesting 
strongly that the polarization is real.
HI 118—431 Detected in V  and we note that the position angle is the same 
(within the uncertainty) for the B  measurement although the polariza­
tion is only detected at the 1.5 cr significance level in this band.
H1142 —178 Detected in B , R, J  and H  however the position angles do not 
agree and the detection is considered suspect.
H i504+035 A significant detection in the V  band only.
H1722+119 Strong wavelength dependent polarization seen in all bands at 
a position angle of 64°; this BL Lac object is the subject of Chapter 7.
All the AGN with detectable polarization (apart from the BL Lac 
object H1722+119) are Seyfert 1 galaxies. In searching for the source of the
P
o
l
a
r
iz
a
t
io
n
 O
b
s
e
r
v
a
ti
o
n
s
 o
f 
t
h
e
 A
G
N
 S
a
m
p
l
e
107
Q*
-H
-H
CÖ
tO
Ö
ip cmCO jo, lO I I
£J_«.CO t— O O i O C O  CO t~-Ss 5 « S3 2 a 2 S5 s; 5L- OOO ^ cq goo tO  «O *-J CM
—, O
Cl rft • Tfi Cl
I ^  §  Ä ' 5  ^  ^  3  ^  ^  ^  8  ^  8  ^  oCM O  ^  “
Cl ^  ^  
CO >—• COO  T-H CO
§  £? 
© w 8  I I
2  ^  ^O l CO oo Tt< w^  ^  ^  CO ^  Cl CO
O  ^  /-“s i-HO  1—4 o  1~H
c  ^  ^  
Ö ^  <=>
O  s  ^  °  
cm £  -  ^
I I ^  s1 cm co
O ^  °
8  -<  «9 ©-H 0  r-H
-I H  M
tOtO
111 2 1 2 1 2 I "  ' 1 ns
I I I I ^ ^ f e o Q o a O c i  ci ^C I ^ O o ^ n N , -  I I • •
0 ' - H CMCs> _ ^ C M Jsj c M
^  S ?  S3
I ‘n rt ^  s
Cl _ Cl  ^O Tf O
5 ” 5 « § 2 2 g  -tO ^  ^  : ^  i n
cici
Ö
CM rr<
a  s  «*
I I I I O O O o
cm 3CM T—( CO
p  tp
O  oo
a  ^  ICM ’—'
I I I I
I I I I I
® S 2 I I
C O _oO O O __CO rf cO
CM ^  O  1—t O  O
t'— ■’—* 
tO CO CO
CO >-H 
^4 CM
3  5  £
O  i- t § | s § $ r— It-H CO
CM T—I o  O  O cJgSgSSS
00
- ! § « ? «
CO 1—1 CM
*? s  ^  8
Cl _  O ©0 ^ 0 9 9 CO* 2
CM p  CO^  s  ^
S cS cg .r ' S c E r & c & r ' E r & c- g r ' g c g r '
5 7  ^  ^ 7  q 7  ^ 7  Q«, ^ 7  0«, ;= 7  ^ 7
coo
+o
tO
©
CO
CMtoo
a
T fo
tO
OO
tOtoo
a
Cl
IClto
CO
2
COot-
I00
CM
OO
2
o
CO
CM
Ioo
CO
TT<
00
7
CM
2
M  HH•—H MH h-H
co
CM
I
tO
CM
CO
a
Tt<
'T*
OO
CO
CO
to
oco+ +
CM
CM
%
=3
j2
<a
<
6
V >
3
V
"3>
S3 
3
S3 
O
w
•3  
o  
o ,
■3 "d
^  i4> *
*» 9 ,
10 ^
S3 S3
1  ’I
<0 e*
" 3d-S
3 Oh 
- 0  ^
£  ^
1 •*
^  3
3  - a  
o
Ö £
0>S -S
•rt <d
«j -0
o  s  
a  a
2  3
I I
a  s
^  -%
:  §
1 1  $
1 4
a .3
‘ 3
s:
Vw
- 0
o
J ,
d  i ;  - j
2 ^  a
t) «1
> O
l ‘?S
8 M
3 s i *
108
polarization we note that all the objects detected are amongst the strongest 
IRAS detections (see §4.7, Table 7). All the null detections are also either null 
or weak IRAS detections suggesting a possible relationship between the polar­
ization and the far-infrared emission. The mean luminosity at 25 /im of the 
four polarized AGN is 24.39±0.30 (log W Hz-1) while the non-detections have 
a mean of 24.07 ±  0.83 with two upper limits (i.e. non-detections with IRAS). 
If HI 142—178 is omitted from the analysis the average luminosity is raised to 
24.50 ±  0.24. The statistics are too poor to make a conclusive statement but 
we take them as suggestive that the polarization is related to a higher infrared 
luminosity.
We note also that all the polarized AGN were detected at 6 cm with 
the VLA and have very similar radio properties with a mean radio luminosity 
of 22.05 ±  0.13 (log W Hz-1). Since none of the AGN observed with the 
VLA were resolved we are unable to investigate the relationship between the 
polarization and radio structure alignment.
Of particular interest is the null detection for the BL Lac object 
HI 100—230 (Remillard et al. 1989b) which was reported by them as having a 
polarization level of 2.7 ±  0.3% at a position angle of 52°. The present data 
allow the previous measurement but rule out any increase in the polarization 
fraction. The continuing low degree of polarization is consistent with pho­
tometric and spectral data that indicate the object declined to a faint state 
during our monitoring period.
Three photometric measurements of HI 100—230 taken on 
1984 February, 1986 December and 1987 May indicate a steady decrease in 
V magnitude: 16.55 ±  0.05, 17.00 ±  0.02 and 17.19 ±  0.05 respectively. The 
colour changes accompanying the fading are not consistent with a simple model 
based on the reinjection of fresh relativistic electrons into a jet which predicts 
the bluest spectrum during the brightest phase. In this model, the fresh elec­
tron population has a harder (flatter) and hence bluer spectrum which then 
ages to a redder (steeper) spectrum as the high energy electrons lose their en­
ergy first (dE/dt ec E 2). This mechanism has been used extensively to model 
the short term variability of BL Lac itself (Hughes et al. 1988a,b; Aller et al. 
1985; Hughes et al. 1985). The data indicate that even though H1100—230
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was bluest when brightest the object was reddest in 1986 December rather 
than when faintest (see Table 4).
The radio emission appears to have remained constant with VLA 
measurements at 20 cm taken on 1983 May 11 and 1988 May 3 yielding fluxes 
of 83.0±3.0 mJy and 81.0±1.6 m jy respectively. The relatively low variability 
at radio frequencies (typically < 20%) is a common feature of BL Lac objects 
(for example see Dent and Hobbs 1973; Aller et al. 1981; Waltman et al. 1986) 
and the wavelength dependence of variability (in the sense of more rapid and 
stronger variation towards higher frequency), well noted (Urry 1988 and the 
many references therein).
4.7 C o ad d ed  IR A S  R esu lts
The IRAS satellite surveyed 96% of the sky to flux limits of 0.5 Jy at 12 /im, 
25 /im and 60 /im and 1.5 Jy at 100 /im. Of the 250,000 sources listed in 
the IRAS Point Source Catalog (1985; PSC), about 75% of the high galactic 
sources are extragalactic (Soifer et al. 1987).
Examination of the PSC yielded IRAS detections in at least one 
band of 5 sources positionally coincident (within the uncertainties) with AGN 
in the sample. The IRAS sources 05218±1212, 11184—4259, 17391—1210, 
19348—0619 and 21325—6237 are associated with the AGN H0523—118, 
H1118—431, H1739—126, H1934—063 and H2129—624 respectively. The crite­
ria for inclusion in the PSC are conservative: a greater than 5 cr detection in 
at least two bands, and we anticipated that more of the AGN sample would be 
detected at lower detection thresholds. The facilities at the Infrared Processing 
and Analysis Center7 (IPAC) allow the extraction and coaddition of every scan 
made by IRAS across a given area of sky. Fluxes and upper limits for specified 
celestial positions obtained with this method give a factor of ~  5 increase in 
sensitivity over the limits in the PSC. Coadded spectra were obtained at the 
positions of all the sample AGN and the results are presented in Table 7. For 
each of the four bands we list the flux or 3 cr upper limit, the 1 a error and 
the signal-to-noise. All measurements are given in Jy.
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The two programs used at IPAC to produce coadded spectra were 
ADDSCAN and SCANPI. ADDSCAN is a one dimensional data processor designed to 
collect and coadd IRAS survey data for faint point sources with given coordi­
nates and SCANPI (Scan Processing and Integration Tool) analyses the resulting 
data to produced flux and source size information (IPAC Users Guide). Four 
different methods are used to fit the data, and under advice from IPAC the 
“weighted mean” method is considered the most accurate and in cases of dis­
parity, the “median” method. The accuracy in the absolute flux in the 12 /im, 
25 fjm and 60 /im bands is 10% unless the associated error exceeds this value 
(as it does in most cases) and at 100 /im the error is 20%. The major and semi­
major axes of the error ellipse for the position of each source are 15" and 4" 
respectively and the FWHM of the point source templates for the four bands 
are 0.76, 0.77, 1.39 and 2.96 arcminutes respectively. The latter are required 
in interpreting source size, however in all cases the data are consistent with 
point sources. We choose the threshold for a detection as 3 cr.
4 .8  R ad io  M ea su rem en ts
Detailed studies of AGN with the Very Large Array (VLA) suggest that radio 
emission is present at some level in all AGN (Ulvestad and Wilson 1984a, 
b). The fully identified HEAO-A2 complete, hard X-ray selected sample of 
AGN (Piccinotti et al. 1982) has been observed at radio frequencies and every 
object detected (Unger et al. 1987). The AGN in the present X-ray selected 
sample are in general fainter (~  1 — 3 times) than the Piccinotti sample and 
we do not expect to detect every object, however upper limits are of great 
value in constraining the SED and the general nature of the radio emission 
(e.g., whether the emission is connected to the infrared -  X-ray emission or a 
distinct component).
Radio observations were made with the Parkes radio telescope, the 
Fleurs Synthesis Telescope (FST) and the VLA. Both FST and the VLA are 
synthesis instruments that produce radio maps containing spatial as well as 
intensity (surface brightness) information. The VLA is the most powerful
7Operated by the California Institute of Technology, Pasadena, California
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radio telescope of its kind, achieving sensitivities of 0.1 mJy in 10 minutes at 
1.4 GHz while the FST limit is typically 15 mJy after 6 hours of integration. 
The Parkes single dish telescope achieved ~  3 mJy sensitivity after 5 minutes 
with a half power beam width of 2.7 arcminutes at 8.4 GHz.
With these instruments we detected 20 of 34 AGN in the sample8 
with an 85% detection rate for the VLA. In the following sections we present 
the radio data and describe the observation and reduction technique for each 
telescope. A preliminary report of the Parkes observations have been made by 
Brissenden et al. (1987).
4.8.1 Parkes O bservations and R eduction
Parkes observations were made during 1987 March 16-18 and 1988 April 7 
at 8.4 GHz with a single channel FET receiver (Tsys = 80 K) using a dual 
“Noddy” feed (half power beam width 2.7 arcmin). The telescope was operated 
in a “nodding” mode integrating for a short time (40 seconds) on the source 
position then for a short time in an off-source position (6.7 arcminutes away in 
declination). A series of 10 nods (an on-source, off-source, on-source sequence) 
constituted an observation and a detection was considered to be any signal 
greater than 3 a above the background rms noise (1 u) calculated from the 
statistics of the 10 short integrations. Uncertainties in the gain of the system 
however, limit the accuracy of the absolute flux to 5%.
Multiple observations of the flux calibrators Hydra-A (PKS 
0915—118), PKS 1814—639 and PKS 1934—638 were made and compared to 
standard values at 8.4 GHz (8.0 Jy, 2.67 Jy and 2.69 Jy respectively) to reduce 
the fluxes of the program objects to absolute values. The results are listed in 
Table 8 and indicate that 11 of the AGN (3 of which are BL Lac objects: 
H1100—230, H1722+119 and H2351—315) were detected. The remaining ob­
jects are listed with 3 cr upper limits.
8The AGN H0509+166 was not observed.
TABLE 8
Parkes and Fleurs Observations
Name3
Parkes 
8.4 GHzb
Fleurs 
1.4 GHz
Fleurs
Observation
H0122—281 < 3.3 — —
H0217—639 < 6.0 — —
H0258—015 < 5.1 — —
H0258—126 — < 20 88 Mar 27
H0307—722 < 6.6 — —
H0339—822 < 6.6 — —
H0419—577 < 3.6 <  15 87 May 3
H0448—041 < 4.8 — —
H0510+031 5.1 ± 0 .7 20 ± 2 87 May 9
H0523—118 < 7.5 — —
H0557—503 81 ± 4 209 ± 5 87 May 8
H0620—646 — < 20 88 Mar 13
H0635—431 — < 20 88 Mar 28
H0659—494 < 4.2 — —
H0828—706 < 5.7 — —
HI 100—230 61 ± 3  
66 ± 3
73 ± 4 87 Feb 11
H 1118—431 8 ±  1 < 20 87 May 7
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TABLE 8 
(CONT.)
Parkes and Fleurs Observations
N am e3
Parkes 
8.4 GHzb
Fleurs 
1.4 GHz
Fleurs
O bservation
H1142—178 10 ± 1 <  20 87 May 5
H1325—246 <  6.6 — —
H1338—144 <  5.4 — —
H1444—553 — < 20 88 M ar 14
H1504+035 <  4.7 — —
H1613—097 — < 20 88 M ar 27
H1722+119 108 ± 6  
143 ± 7
78 ± 4 87 Feb 19
H1739—126 <  6.3 — —
H1836—786 <  7.8 — —
H1927—516 <  5.8 — —
H1934—063 13 ± 2 43 ± 3 87 Jun  13
H2044—032 70 ± 4 conf. 87 Feb 11
H2107—097 5 ± 2 <  20 87 Jun  24
H2129—624 31 ± 2 <  20 87 Jul 6
H2236—372 <  4.8 — —
H2303+039 <  12.3 — —
H2351—315 41 ± 3 35 ± 5 88 Apr 4
a Note that H0509+116 was not observed.
b All units are m jy, the errors quoted are ±1 a  and upper limits are 
3 a .  A dash indicates no observation. All Parkes observations were made 
during 1987 March 16 -  18 and are weighted averages of multiple obser­
vations. The observation of H2351—315 and the second measurements 
of H1100—230 and H1722+119 were made on 1988 April 7.
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4.8.2 Fleurs O bservations and R eduction
The Fleurs Synthesis Telescope9 (Bunton et al. 1985, Jones et al. 1984) is a six 
dish array operating at 1415 MHz. Full 6-hour observations of 17 AGN were 
carried out over the period 1987 February to 1988 March and data reduced 
using the Fleurs Control Program (FCP) at the University of Sydney running 
on a Vax 780 computer. The calibrator PKS 1934—638 was used to reduce 
the fluxes to absolute values and gain uncertainties restrict the accuracy in 
absolute flux to 5%.
Results from the FST are tabulated in Table 8 together with the 
observation date. Upper limits are a conservative estimate of 3 cr, the back­
ground rms noise with one observation (H2044—032) being severely confused 
by a nearby 1.9 Jy source (listed as “conf.” in Table 8). The accuracy in 
celestial positions derived from FST are ~  2" is similar to that of the AAT 
and we do not list the positions here (see §4.9, Table 11).
4.8.3 V LA  O bservations and R eduction
The VLA10 (Napier et al. 1983) consists of twenty-seven 25 m radio dishes 
placed on three railway tracks each the arm of a “Y”. The dishes (9 per arm) 
may be moved to form four different configurations (A, B, C and D) with 
different resolutions and sensitivities: A -  the least compact array with the 
highest resolution and lowest sensitivity and D -  the most compact with lowest 
resolution and highest sensitivity. Hybrid arrays (e.g., C/D or A/B) are formed 
as one configuration changes to the next (over a period of several months). 
The observations made for this thesis were made in the C configuration since 
resolution is not critical for point sources.
Observations were made at both 1465 MHz (L-band, 20 cm) and 
4885 MHz (C-band, 6 cm) in the “snapshot” mode. Integration times of ~  10 
minutes for both L and C-band were used with times of ~  5 minutes for the
9Operated until mid-1988 by the Electrical Engineering Department of the University of 
Sydney with Australian Research Council Funding.
10A facility of the the National Radio Astronomy Observatory operated by Associated 
Universities, Inc., under contract with the National Science Foundation.
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BL Lac objects. A total of 12 hours of observations were made in two sessions: 
1988 May 3 (5 hours) and 1988 May 8 (7 hours). Observations of program 
objects were interdispersed with calibrators and 3C48 and 3C286 were used to 
flux calibrate the data (the current VLA values were used). The position of 
each source as measured by the AAT or the CfA measuring machine was used 
as the center for each field.
The observations were carried out with 26 antennas, one being in- 
operational, and system temperatures of 67 K and 50 K for the L and C band 
receivers respectively. The theoretical rms noise for 10 minutes of integration 
is 0.068 mJy at L band and 0.051 mJy at C band. The values were determined 
from the empirical formulae (accurate to 10%):
V2CAuT
where S is 10 for L band and 7.4 for C band, Av  is the bandwidth in MHz 
(100), C is the number of correlators where C = N ( N  — 1) with N  the number 
of antennas (26) and T  is the integration time in hours (Perley 1988). The 
rms noise is SI and is then given in mJy. The factor of 2 in the denominator 
arises because two “if” pairs are combined. We note that the theoretical limit 
is reached in several cases for the C band data.
The data were reduced at the VLA during a two week visit using 
a DEC-10 and a Vax 780 computer. The initial calibration was performed on 
the DEC-10 and the AIPS package was used to make and clean the maps. The 
calibration process was in two stages, first the u — v data were searched and 
poor quality data flagged, then accurate flux values for 3C48 and 3C286 were 
used to bootstrap fluxes for the other calibrators and hence flux calibrate the 
data. Data flagging was due to unduly noisy antennas, antenna shadowing 
and cross talk between adjacent antennas. AIPS was used to combine the left 
and right polarization data, sort and edit the u — v data, make and inspect 
“dirty” maps, “clean” the maps and finally measure accurate fluxes, positions 
and rms noise. The clean algorithm (Högbom 1974; Clarke 1980) was used in 
all cases to remove artifacts caused by incomplete u — v coverage. Images were 
made in Stokes’ parameter I using natural weighting.
The synthesized beam size was 12" x 14"/ cos(34 — 6) arcsec for L 
band and 4" x 4"/ cos(34 — S) arcsec for C band. Taking 8 = —20° as typical,
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the resolution is 12" x 23" for L band and 4" x 7" for C band. The primary 
beam size (HPBW) was 30' at L band and 9' at C band. Pixel sizes of 3 arcsec 
and 1 arcsec were chosen for L and C bands respectively.
Each map was examined for emission at the position of the optical 
counterpart. We define a detection as being emission greater than 4 a above 
the rms noise in the background at a position coincident with the optical 
position and within the uncertainties of both measurements. Where no source 
was detected a 3 <j  upper limit is taken as three times the typical background 
rms. Table 9 lists the object names together with the fluxes (or 3 cr upper 
limits), errors, background rms values (all in mJy) and integration times at 
both frequencies (in the form minutes:seconds). Also listed are the spectral 
indices a, (/„ oc i/~a). When a source was detected at one frequency and 
not the other an upper limit to the spectral index is given, if undetected in 
both bands, no spectral index is given. All sources that were detected were 
unresolved. In Figure 5 we show an example of an L band map for the QSO 
H2044—032. The beam shape is also shown in Figure 5.
The celestial coordinates and errors for each detection at both fre­
quencies are given in Table 10. The positions in all cases agree to within the 
experimental uncertainty with the optical positions and we conclude that in 
each case the radio source is the AGN.
In general the L band data are of poorer quality since many maps 
are confusion limited by side lobes. In one case (H2236—372) the limit is even 
higher due to uncleanable sidelobes resulting from the high zenith angle of the 
observation. The C band data does not suffer as much from confusion.
4.9 T h e  B asic P ro p e r t ie s  of th e  A G N
In Table 11 we list the basic properties of the AGN appearing in Papers I, II, 
III and Remillard (1985). The HEAO-1 X-ray designation is given in the first 
column and in the second, each object is classified as a Seyfert 1, QSO or BL 
Lac object. The distinction here between Seyfert 1 and QSO is based on the 
arbitrary z > 0.1 criterion. The redshift for each object is given except for
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V LA  Flux Results 1988 May
Name C a^ 6 c m ± b r m s c ^ed *5*2 Ocm ± rms r 20 a 6 - 2 0
H 0122-281D < 0.21 0.07 09:30 < 1.41 0.47 09:30
H0258—015 1.38 0.04 0.09 09:40 < 1.65 0.55 09:40 < 0.15
H0258—126 < 0.11 0.04 05:50 < 3.00 1.00 05:30
H0448—041 7.61 0.09 0.12 09:30 3.08 0.04 0.72 09:50 -0 .7 5
H0510+031 4.95 0.09 0.15 05:50 16.86 0.05 0.88 05:40 1.02
H0523—118 1.16 0.11 0.17 09:20 < 3.00 1.00 09:30 < 0.79
H1101—232 31.78 0.34 0.32 05:40 81.01 1.58 0.17 06:00 0.78
H1118—431 0.99 0.06 0.06 09:00 4.32 0.23 0.32 08:30 1.22
H1142—178 0.97 0.04 0.04 09:30 4.50 0.21 0.27 08:30 1.27
H1318+560 2.68 0.03 0.05 08:40 4.66 0.40 0.62 09:20 0.46
H1325—246 1.75 0.25 0.04 08:50 1.37 0.06 0.15 09:10 -0 .2 0
H1338 —144 0.85 0.03 0.04 08:40 4.19 0.08 0.21 08:50 1.32
H1420+481 0.72 0.03 0.04 09:30 < 1.62 0.54 09:30 < 0.67
H1426-F427 20.07 0.20 0.14 05:50 32.75 0.35 0.40 06:20 0.41
H1504+035 1.84 0.02 0.04 09:40 5.43 0.55 0.90 08:50 0.90
H1517+656 33.19 0.10 0.07 05:40 27.10 0.46 0.50 05:30 -0 .1 7
H1521+308 <  0.13 0.04 09:10 < 0.29 0.10 09:10
H1613—097 < 0.11 0.04 08:40 < 1.80 0.60 09:20
H1627+302 0.56 0.02 0.04 10:00 < 0.54 0.18 09:50 < -0 .0 3
H1722+119 94.71 1.12 0.90 05:30 99.71 0.13 0.12 06:10 0.04
H1739 —126 1.14 0.04 0.04 08:40 2.16 0.07 0.18 09:20 0.53
H1934—063 4.75 0.20 0.04 08:50 24.88 0.11 0.26 09:30 1.37
H 2044-032 53.31 0.15 0.16 06:10 28.92 0.78 1.25 06:30 -0 .5 4
H2107—097 1.34 0.02 0.04 08:50 4.76 0.13 0.18 09:10 1.05
H2236—372 < 2.64 0.88 12:40 < 2.31 0.77 09:40
H2303+039 0.50 0.02 0.04 09:30 1.01 0.07 0.25 09:30 0.59
H2351—315 28.74 0.12 0.12 06:50 30.40 0.44 0.18 06:50 0.05
H 2351-315B < 0.18 0.06 06:50 < 0.57 0.19 07:00
a Flux at 4885 MHz (6 cm) or 3 cr upper limits determined from the rms 
background noise (see note c) in units of mJy. 
b All errors are 1 cr.
c The rms background noise determined from a typical source-free region of the 
radio map. Upper limits are three times this value.
d Integration times in minutes and seconds (in the form mm:ss) for the “snap­
shot” observations.
e The radio spectral index between 6 and 20 cm defined as S u oc u~a .
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PLOT F I L E  VERSION 1 CREATED 0 1 - J U N - 1 9 8 8  0 1 : 5 7 : 3 0  
2 0 4 4 - 0 3 2  I POL 1 4 6 4 . 9 0 0  MHZ 2 0 4 4 - 0 3 2 .  I C L N . 3
- 0 2  5 5  30
5 6  00
5 7  00
58  00
59  00
00 00
20 45  20 15 10 05
RIGHT ASCENSION
PEAK FLUX -  8 . 0 5 2 1 E - 0 1  JY / BEAM
LEVS -  1 . 0 0 0 0 E - 0 3  * ( - 2 . 0 0 ,  2 . 0 0 0 ,  4 . 0 0 0 ,
6 . 0 0 0 ,  8 . 0 0 0 ,  1 0 . 0 0 ,  1 2 . 0 0 ,  1 4 . 0 0 ,  1 6 . 0 0 ,
1 8 . 0 0 ,  2 0 . 0 0 ,  2 2 . 0 0 ,  2 4 . 0 0 ,  2 6 . 0 0 ,  2 8 . 0 0 ,  
3 0 . 0 0 )
F ig . 5.— Radio Maps for the QSO H2044—032
This 20 cm map was prepared with AIPS at the VLA and shows as clear detection (28.92± 
0.78 at 20 cm) at a position coincident with the AGN. Contours are in steps of 2 mJy with 
the dotted contours representing —2 mJy. The 6 cm map shows an equally clear detection.
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the two BL Lac objects, H1722+119 and H2351—315 for which no absorption 
or emission spectral features have been detected. The celestial positions are 
presented (1950.0) together with the galactic coordinates which clearly show 
that the majority of the AGN lie at |6| > 20°, away from the galactic plane. 
When available, we have determined the value of the Hydrogen column density 
in the direction of the AGN from the survey of Starke et al. (1984), and list 
the values in units of lO20 cm-2.
The next three columns of Table 11 list X-ray data pertain­
ing to the AGN. The LASS count rate in the 2 — 10 keV band in units 
of counts cm-2 s_1 (Wood et al. 1984) is listed together with the flux at 
4.5 keV (//Jy) and the luminosity in the 2 — 10 keV band. The X-ray flux 
is obtained from the LASS count rate assuming a conversion rate of 0.0020 
and 0.0027 counts cm-2 s-1 (1.0 x 10-11 erg cm-2 s-1)-1 for Seyfert 1 galaxies 
(and QSOs) and BL Lac objects respectively (Paper I, Remillard et al. 1989b). 
The monochromatic flux at 4.5 keV is calculated from the flux in the 2—10 keV 
band assuming a power-law spectral index of ax = 0.7 and ax = 1.2 for 
Seyfert 1 galaxies and BL Lac objects respectively. For H0557—503 and 
HI722—119 the X-ray spectral slope is determined from EXOSATand Einstein 
measurements respectively (see Chapters 6 and 7). The indices are 1.311q!o8 
and 1.7 ±  0.7 for H0557—503 and H1722T119 respectively and we use these to 
calculate the flux at 4.5 keV.
The final two columns in Table 11 list the spectral indices joining 
continuum points from X-ray to optical (ßox) and optical to radio (ßro)- The 
optical continuum point (4300 Ä) is calculated from the B  magnitude with a 
correction made for galactic extinction. The radio and X-ray continuum points 
are taken at 1.4 GHz and 2 keV respectively.
For those AGN with emission line spectra we list the basic emis­
sion line properties in Table 12. Data are not given for the H0258—015 and 
H0448—041. For each object we list the FWHM of H/3 (km s“1), the equiv­
alent width of H/9 (Ä), the absolute flux of Bß  (10-13 erg cm-2 s-1) and the 
line fluxes of selected emission lines relative to H/L The flux of each line is 
measured relative to the best estimate local power-law continuum. For those 
cases where the [0 III] (AA4959, 5007) blends with the broad wings of H/?, the
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forbidden lines are deconvolved when determining the Wß flux. The measure­
ment of Fe II is made by summing the two broad features either side of H/3 
attributable to the multiplets near 4570, 5190 and 5320 Ä.
The line ratios listed in Table 12 are not corrected for galactic 
absorption. The correction is negligible for [0 III] (A5007) relative to H/9 but 
can be im portant for Ha/H/3 (for example) which involves two lines from well 
separated parts of the spectrum. In order to determine the correction factor we 
calculate E( B — V) for each object from data  given in Table 11 and equations 
presented in Appendix A.3. For those objects with a measure of the Hydrogen 
column density through the galaxy we calculate E( B — V)  from the gas-to- 
dust ratio of Savage and Mathis (1979). Otherwise, the simple galactic latitude 
model of Schmidt (1968) is used. In Table 13 we list the value of E( B — V) 
together with the correction factor for the Balmer Decrement for each of the 
emission line AGN.
We note that E( B — V)  given for H 1444—553 is almost certainly an 
underestim ate since the object lies 3° from the plane and the galactic latitude 
model is valid only for |6| > 15°. The value is more likely to be E( B — V) ~  2 
based on an assumption tha t (B — V )0 ~  0.5 for and AGN nuclei (see §2.6).
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T A B L E  13 128
Line Flux Reddening Correction
Nam ea E ( B  - V ) h B  c^  co r
H0122—281 0.027 0.973
H0217—639 0.078 0.923
H 0258-015 0.110 0.893
H0258 —126 0.093 0.909
H0307 —722 0.092 0.907
H0339—822 0.112 0.890
H0419—577 0.090 0.915
H0448—041 0.066 0.934
H0509+166 0.357 0.692
H0510+031 0.137 0.862
H0523 —118 0.157 0.849
H0557—503 0.074 0.931
H 0620-646 0.131 0.881
H0635—431 0.177 0.832
H0659—494 0.198 0.812
H0828 —706 0.197 0.851
H1118—431 0.210 0.804
H1142 —178 0.060 0.939
H 1325-146 0.109 0.892
H 1338-144 0.098 0.902
H1444—5 5 3 d 2 0.130
H 1504+035 0.065 0.934
H1613—097 0.214 0.803
H1739 —126 0.409 0.649
H1836—786 0.135 0.871
H1927—516 0.128 0.873
H 1934-063 0.217 0.791
H 2044-032 0.086 0.922
H2107—097 0.093 0.905
H 2129-624 0.089 0.912
H 2236-372 0.021 0.980
H2303+039 0.089 0.910
a No values are presented for the three BL Lac objects: 
H1100—230, H1722+119 and H2351—315 since they do not pos­
sess emission lines.
b The value of E(B — V)  calculated from the neutral Hydrogen col­
umn density (Stark 1988) when available or the galactic lattitude 
model (Schmidt 1968).
c The correction factor for the Balmer decrement calculated from 
E( B — V)  and the extinction curve of Seaton (1979). The correc­
tion factors have been determined for Ha and l lß in the observers 
frame for each object.
d This AGN lies 3° from the galactic plane. The value of E( B — V ) 
is calculated in § 2.6. We note the Balmer decrement of 37.7 given 
in Table 5 of Chapter 2, reduces to 4.9 with the correction factor 
given here.
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A F u n d a m e n ta l  F o rm u la e
In this Appendix we give a number of useful formulae and conversions used 
throughout the thesis.
A .l  The Formulae
R e d sh ift: The redshift, 2, is calculated according to:
AA
0 “ T
where A is the rest wavelength of a spectral feature and AA is the differ­
ence between the observed wavelength A0 and A. We may then write:
( i )
1 +  2- £
D is tan c e : The expression for distance used throughout this thesis is:
cz
d =
Ho
(2)
(3)
where c is the speed of light (3.0 x 105 km s-1 ) and Ho is the Hubble con­
stant which we take as 50 km s-1 M pc-1 . The deceleration parameter, 
<70, is assumed to be 0 in this form, corresponding to an open universe.
L u m in o sity : Calculated according to:
L =  Aird2 x flux density (4)
L ine F lu x : The flux in an emission line is defined as:
F  =  (5)
where the has replaced an f  since the data is quantized. Here, /,• is 
the flux density (erg cm-2 s-1 Ä“ 1) in each pixel (wavelength increment) 
across the line and / CJ- is the flux density of the local continuum above 
which the line rises, at each pixel, i. Note tha t for broad-line AGN, 
estimating the continuum for a given line is often complicated by blending 
of other lines (e.g., Fe II  often raises the continuum level at Hß A4861 
and [0 II I]  AA4959, 5007).
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E quivalent W idth: A measure of the strength of a spectral feature relative
to the local continuum and with units of Ä, defined by:
W = £  (6)
Line W idths: The “true” width of a spectral feature, AAt, the deconvolved
gaussian width of the instrum ental response, AA/, and the observed line 
width AAo6 are related by:
AA( =  ( A \ lb -  AAj)0'5
The Full W idth at Zero Intensity is the Doppler velocity:
FWZI =  A !
( 7)
( 8)
where AA is the width of the feature at the base and Ac is the central 
wavelength. The Full W idth at Half Maximum (FWHM) is the width at 
50% of the distance between the continuum  and the line peak.
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A .2 R est W avelen gth s o f  U se fu l L ines
Ion a(A)
Lya 1215.7
Si I V 1394 -  1403 band
C I V 1548.2
C I I I] 1909.0
M g II 2798.1
[Ne V] 3425.8
[Oil] 3726.16, 3728.91
[Ne I I I] 3868.7
[Ne III], He 3967.5
H S 4101.7
h 7 4340.5
[ 0  i l l ] 4363.2
Fe II 4570.0
He II 4685.7
Hß 4861.3
[ 0  i n ] 4958.9, 5006.8
Fe II 5190.0, 5320.0
He I 5875.6
[ 0  I] 6300.2
[N II] 6548.1, 6583.6
H a 6562.8
[S II] 6717.0, 6731.3
He I 7065.7
0 1 8446.4
A .3 C on tin u u m  M ea su rem en ts
S p e c tra l In d ex : Throughout the thesis we assume the definition of spectral
index11:
f y  oc v~av (9)
where /„  is the flux density per unit frequency interval and a u is the 
corresponding spectral index. Defined in this way, a  >  0 describes power- 
law spectra that fall to lower fluxes with higher frequency in the log /„  —
11Unless otherwise noted.
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log v plane. We may also define a spectral index in the log f \  — log A 
plane:
/ a oc A~a * ( 10)
and then the relationship between the spectral indices is simply:
av = 2 -  aX- (11)
Extrapolating Power-law Spectra: Given the flux, / i  at iq, and the spec­
tral index, the flux f \  at v2 is:
/ ,  =  / ,  g ) "  U2)
Integrating a Power-law: Given /,• at z/t and a, the total integrated flux
between iq and iq is:
/  =  ( Ä ) (i/jl_“ _  d - ") (“ 541) (13)
For the special case /„ a  i/“1, /  =  /,• ^t(ln v2 — In z/i).
M onochromatic Flux from Broad-band Flux: Given the flux density
/  in the band ui -  of a power-law distribution with index a, the 
monochromatic flux, /, at i/,- is given by:
fi
(1 -  a ) f „ - a
(‘4 “ -  n1 “)
For the case a =  1, / , =  / / [ ^ t(ln z/ 2  — In ^1 )].
( a ^ l ) (14)
HEAO-1 X-ray Flux: Given the count rate, R , from LASS
(counts cm-2 s”1; Wood et al. 1984) we normalize the flux for Seyfert 
galaxies and QSOs according to:
f x = R x  5.0 x 10-9 erg cm-2 s-1 (15)
in the 2 — 10 keV band (Paper I). For BL Lac objects we use:
f x = R x  3.7 x 10“9 erg cm-2 s-1 (16)
Both equations arise because of a comparison with typical 2 — 10 keV 
spectral slopes for the different AGN classes12 (Paper I; Remillard et al. 
1989b).
^Alternatively, for Seyfert galaxies and QSOs: 0.0020 LASS counts s 1
(1.0 x 10“ 11 erg cm-2 s-1 )-1 , and 0.0027 for BL Lac objects.
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Broad-band Spectral Indices: A useful way of comparing the flux pro­
duced at X-ray, optical and radio frequencies is with broad-band spectral 
indices. We define the spectral index joining two continuum points i , j  
(Ledden and O’Dell 1985) as:
rlog(5,-/5Ql 
llogte/i/j )■
Different authors have chosen a variety of continuum points for the in­
dices. In Paper I, we chose 2 keV, extinction corrected 4000 Ä and 
1.4 GHz for the X-ray, optical and radio points respectively, and called 
the X-ray -  optical and optical -  radio indices ßox and ßro. Ledden and 
O’Dell (1985) took continuum points of 1 keV, 4300 Ä and 4.9 GHz, to 
form the indices: aro and aox. A common definition for aox assumes 
2 keV, 2500 Ä (Tananbaum et al. 1979) and Stocke et al. (1985) used 
this, and aro defined between 2500 Ä and 5 GHz in their study of X-ray 
selected BL Lac objects. By way of example, pgive convenient forms for 
a ox and a ro defined between 2 keV, 2500 Ä and 5 GHz:
^ r o
& O X
log (fr)  ~  log (fo)
5 38
log (fo) -  log (fx)  
2.61
(18)
(19)
where / x, / 0, and f r are the continuum flux densities at X-ray, optical 
and radio frequencies. The indices a rx and ßrx may similarly be defined 
between X-ray and radio frequencies and are simply a linear combination 
of the other two indices.
Reddening Correction: A correction for galactic absorption may be ap­
plied to the optical flux when calculating olox and aro. The simplest 
model for the distribution of obscuring material is the ucsc(6)” model 
(e.g., Schmidt 1968) which assumes:
Av = 0.18 esc |6|
where Av  is the extinction in V and b is the galactic latitude. The 
extinction at A is then:
Aa = A v + E{X -  V )
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where E {A — V ) is the reddening (tabulated in Bless and Savage 1972):
E{X\ — A2) =  A(AX) — A(A2)
and for the UBV  photometric system, the ratio of total-to-selective re­
flectivity, R  has been found to be:
R AvE( B — V)
= 3.0.
The V  magnitude, once converted to a monochromatic flux (see below) 
may be corrected according to:
fcor =  /[A(l +  2 )] x 10&- (20)
Here, the factor of (1 + z) corrects the flux to the rest frame of the AGN.
Another method for estimating E(B — V) is from the H I column density, 
Nh (Savage and Mathis 1979):
E ( B -  V) =  5,8 X 1Q21 Cm~2 mag~1
Using E( B  — U), the reddening, A\,  may then be estimated from a 
reddening curve (e.g., Seaton 1979).
Given E( B — V), the extinction in a photometric band may be estimated 
according
A x = X ( x ) E ( B - V )  (22)
using the following values calculated from Savage and Mathis (1979), 
Schultz and Wiener (1975) and Seaton (1979):
Band X(x)
U 4.89
B 4.18
V 3.18
R 2.32
I 1.50
J 0.87
H 0.57
K 0.35
L 0.09
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M on och rom atic  F lu x  from  P h o to m etry : Broad-band photom etric
m agnitudes may be converted to a monochromatic flux density at the 
center of the band according to:
/  =  f o  x 10“ *s (23)
W here m  is the apparent m agnitude and f 0 is the corresponding zero 
m agnitude calibration (in Jy). The following values are taken from Allen 
(1973) and Bessell and B rett (1989):
Band A ( f n n) log v  (Hz) f o  (Jy)
U 0.36 14.92 1900
B 0.43 14.83 4270
V 0.55 14.74 3600
R 0.70 14.63 2840
I 0.90 14.52 2250
J 1.22 14.39 1570
H 1.63 14.26 1020
K 2.19 14.14 636
L 3.45 13.94 281
M 4.75 13.80 154
A .4 U n i t  C o n v e rs io n s
Jy: 1 Jy =  10"26 W H z"1 m ~2
F lu x  D en sity : It is frequently necessary to convert between flux density ex­
pressed per unit wavelength and flux density per unit frequency interval. 
The conversion is wavelength dependent according to:
d v  =  ~  d \ .
For conversion between /„ (Jy) and f x (erg cm 2 s 1 Ä  *):
5 -  >»■“ ) f . (24)
and 'IT'"or—4X/H f x (25)
where c is the velocity of light (m s  *) and A is wavelength (m).
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B 24 S e ren d ip ito u s E m ission  L ine O b jec ts
In this Appendix we present the spectra and basic observational data for 
24 emission line objects discovered serendipitously during the course of the 
HEAO-1 identification program. The objects (12 H II regions, 11 QSOs and 
1 Seyfert 1 galaxy) were candidates for HEAO-1 X-ray optical identifications 
that have proved not to be the X-ray source and we are motivated to present 
this data to ensure their identification is not lost.
The objects were discovered during runs 1-5 (see §4.3.1) with the 
A AT using either the IPCS or IPCS and FORS combination and their spectra 
are given in Figure 6.
Table 14 lists the basic observational properties for each object 
including the name, classification, redshift, celestial position, discovery run 
(1-5) and exposure time (seconds) for the optical spectra. The discovery name 
refers to the LASS field for which the object was a candidate and the letter 
following the LASS name relates to the candidate number within that field.
During the multiwavelength program, a number of the objects were 
observed at optical, infrared and radio wavelengths. The data are presented 
in Tables 15, 16 and 17, and include observations of a small control sample 
of X-ray bright, southern AGN. The radio observations were made with the 
Parkes radio telescope at 8.4 GHz and indicate that a number of H II regions 
were detected as radio sources.
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Spectra of the serendipitous emission line objects obtained using the AAT were either taken 
with the IPCS (3400 Ä- 7200 Ä) or the combined IPCS and FORS (3400 A- 10000 A). In 
the latter case, IPCS and FORS spectra have been joined at ~  5000 A. Spectra obtained 
with the 2.3 m DBS display small gaps at 4800 A and 7200 A corresponding to joins in the 
detector chips. Where absolute flux units are given, the spectrum has been scaled from 
photometry.
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TABLE 15
Infrared Observations of Additional Objects
Name D atea J ± b J - H ± H - K ±
13360-2344 87 May 12.54 0.07 0.63 0.04 0.48 0.04
14025-2621 87 May 12.52 0.03 0.73 0.05 0.34 0.05
3C 273 87 May 11.77 0.05 0.85 0.06 1.14 0.04
NGC 4507 87 May 11.29 0.05 0.81 0.06 0.40 0.04
NGC 3782 87 May 11.32 0.05 0.85 0.06 0.89 0.04
MKN 291 87 May 13.93 0.10 0.70 0.11 0.47 0.07
ESO 141-G55 87 May 12.33 0.06 0.87 0.08 0.99 0.06
MKN 509 87 May 11.93 0.05 0.85 0.06 0.96 0.04
a All observations were made with the Infrared Photometry System using 
the 2.3 m telescope at Siding Spring Observatory. Data were taken 
during 1987 May 21-24 through a 10" aperture in clear dark conditions 
with seeing < 4". 
b The errors are ±1(7.
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TABLE 17
Radio Data for Serendipitous Objects
Name
Parkes 
8.4 GHza
00486-4121 < 6.0
00582-4030 < 8.4
01172-2837 < 8.7
01434-0657 5 +  1
01470-5343 < 6.3
06265-6110 < 4.5
09174-0723 < 4.8
10163-2600 < 7.2
12477+0750 5 + 1
13360-2344 < 6.6
14025-2621 8 +  2
19252-5917 < 4.8
22132-3604 < 3.9
22321-3728 < 6.3
22535+0513 < 9.0
23099-3056 7 +  1
23549-3044 < 4.2
23561-1749 3 +  1
a Observations made during 1987 16-18 March. All units are mJy with 
errors ±1 a and upper limits of 3 a.
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5. B ro a d -b a n d  S p e c tra l  E n e rg y  D is tr ib u tio n s  
a n d  C o rre la tio n s
In this Chapter we present the m ajor statistical results of the study. 
Following the introduction (§5.1) we combine all the available multiwavelength 
data  to form the broad-band Spectral Energy Distributions (SED) and de­
term ine the underlying infrared -  X-ray power-law index distribution of the 
sample (§5.2). We define a param eter to measure the presence and size of the 
big blue bump relative to this power-law (§5.3).
A discussion of the selection effects operating on the sample and of 
the statistical techniques used (§5.4) introduces the rest of the Chapter. The 
infrared properties and broad-band spectral index distribution of the sample 
are of particular interest and form the basis of a useful comparison with other 
AGN samples. We study these in §§5.5 and 5.6. In §5.7 we present linear 
correlations between various properties of the AGN and discuss a number in 
detail. We focus on the the big blue bump and Fe II  emission in §§5.9 and 5.8, 
two areas our data can uniquely address.
In the final Section (§5.10) we attem pt to understand the properties 
of the sample in the context of a small number of key emission components 
often associated with the Standard Model for AGN.
5.1 I n tr o d u c t io n
Following the discovery of the first quasar in the early 1960’s many AGN 
possessing a variety of spectral and broad-band properties were identified. A 
clear understanding of the workings of AGN did not emerge from the first work 
and as the numbers increased, a natural approach to the problem was through 
statistical studies. We briefly give some examples of recent work.
Statistical studies of the emission line properties of AGN have in­
cluded the work of Baldwin, Phillips and Terlevich (1981) who suggested the 
use of line ratio diagrams to separate various excitation mechanisms such as
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photoionization due to a power-law energy distribution and shock heating. 
The main results from such classification diagrams were the separation of H II 
regions from AGN based on the excitation mechanism (e.g., Veilleux and Os- 
terbrock 1987) and the general agreement between the position of AGN and 
the locus of power-law photoionization models (e.g., see Osterbrock 1988 for 
a review). Emission line properties have also been compared to the optical 
nonthermal continuum luminosity and found to strongly correlate (Yee 1980). 
The tight correlation between H/2 and nonthermal continuum luminosities sug­
gested that the Balmer lines arise from recombination after photoionization by 
the continuum.
The properties of large samples of Seyfert galaxies have been re­
cently investigated by several groups. Dahari and De Robertis (1988) consid­
ered whether the spectral differences between Seyfert types is related to intrin­
sically different phenomena. They concluded that while type 1 and 2 Seyfert 
galaxies had similar narrow line region properties, they differed in their radio 
and X-ray properties. Meurs and Wilson (1984) derived the bivariate optical- 
radio luminosity function for a sample of Markarian galaxies and also found cor­
relations between the radio power and [0 III]  line width, and suggested a weak 
correlation existed between the hard X-ray and radio luminosity. McAlary and 
Rieke (1988) examined the broad-band properties of a sample of X-ray selected 
Seyfert galaxies. Their data could not support the interpretation of a single 
power-law extending from the X-ray to far-infrared for many of the objects 
and suggested the infrared radiation was due, at least partially, to reradiation 
by dust.
Large samples of radio selected AGN were the first to become avail­
able and have been the subject of many statistical studies. Browne and Mur­
phy (1986) considered the relationship between the radio, optical and X-ray 
emission in the context of a unified beaming model and found a strong corre­
lation between the total radio and X-ray luminosity, but a weaker correlation 
between the optical and X-ray radiation. A study of the optical emission line 
properties of the AGN were interpreted by Wills and Browne (1986) in terms of 
the beaming model. Other studies have examined the properties of radio-loud 
and radio-quiet AGN in relation to their X-ray emission and found that the 
former are more X-ray luminous that the latter (Zamorani et al. 1981; Kern-
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bhavi, Feigelson and Singh 1985). An additional X-ray component possibly 
associated with a beamed radio component has been invoked to account for 
the difference. The slope of the soft X-ray power-law spectra has also been 
shown to relate to the radio loudness with radio-loud quasars having flatter 
slopes than radio-quiet objects (Wilkes and Elvis 1987).
Whilst certain facts about AGN have emerged from these and other 
statistical studies, the number of strong correlations between AGN parameters 
is in fact very small. For example, a clear classification scheme for the wide 
variety of AGN has not emerged and counter examples for suggested schemes 
are frequently found. The lack of correlations and wide range of AGN be­
haviour tells us that the picture presented to the external observer is a very 
complex one, probably involving substantial reprocessing of energy produced 
in the central engine1. In order to account for this reprocessing in a global 
manner, studies have aimed at understanding the broad-band spectra of the 
AGN. Such studies have led to the identification of various, common, spectral 
components including the big blue bump, the 3000 A bump and the underlying 
infrared -  X-ray power-law (see Chapter 3). We aim in the present study to 
investigate the broad-band spectra of the HEAO-1 AGN in this context.
In Chapter 4 we presented the multiwaveband data collected for 
each AGN. In this chapter we construct the broad-band spectra and search for 
relationships between various broad-band and emission-line parameters. These 
include X-ray, infrared and radio luminosity, the far infrared -  X-ray power-law 
spectral slope, radio spectral slope, a big blue bump indicator, FWHM(H/3), 
H/3 luminosity, some line ratios including Ha/H/?, Fe Il/H/3 and [0 III]/H/5, 
and the equivalent width of Fe II.
5.2 S p e c tra l E n erg y  D is tr ib u tio n s
In Table 1 we give a checklist of the multiwavelength data available for each 
object. An entry of “1” indicates data is available, a “d” indicates a radio 
detection, a “u” a radio upper limit and a blank entry indicates that no data
1This may not be the case for BL Lac objects.
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were taken in that band for that object. Those objects for which radio data, 
far-infrared, near-infrared and optical photometry are available are indicated 
with an asterix.
In Figure 1 we present the broad-band SED of each of the sample 
AGN. In the lower panel of each diagram the data are plotted as log/„ (Jy) 
vs log v (Hz) and in the upper panel as log vf„ (W m-2) vs logz/. In the 
upper panel a horizontal line represents equal energy per logarithmic decade 
of frequency. The upper limits shown are 3 a experimental uncertainties and 
error bars indicate 1 a uncertainty. Where no error bars are displayed they 
are contained within the extent of the point. Where available, multiple data 
sets have been plotted to give an indication of how variability affects the SED.
T able  1
Multiwavelength Checklista
N a m e IU E U B V R I JH K IR A S 8.4  G H z 5.0  G H z 1.4 G H z
110122—281* 1 1 1 1 u
H 0 2 1 7 -6 3 9 * 1 1 1 u
1 1 0 2 5 8 -0 1 5 1 1 u d u
H 0 2 5 8  —126 1 u u
H 0 3 0 7  —722* 1 1 1 u
110339—822* 1 1 1 u
H 0 4 1 9 —577* 1 1 1 u
H 0 4 4 8 —041* 1 1 1 u d d
H 0 5 0 9 + 1 6 6 1 1 u
H 0 5 1 0 + 0 3 1 * 1 1 1 d d d
H 0 5 2 3  —118* 1 1 1 1 u d u
H 0 5 5 7 —503* 1 1 1 1 d d
H 0 6 2 0 —646 1 u
1 1 0 6 3 5 -4 3 1 1 1 u
1 1 0 6 5 9 -4 9 4 * 1 1 1 u
H 0 8 2 8  —706* 1 1 1 u
1 1 1 1 0 0 -2 3 0 * 1 1 1 d d d
1 1 1 1 1 8 -4 3 1 * 1 1 1 d u
H 1 1 4 2  —178* 1 1 1 1 d d d
I I 1 3 2 5 —246* 1 1 1 u d d
H 1 3 3 8  —144* 1 1 1 u d d
H 1 4 4 4 —553 1 u r
H 1 5 0 4 + 0 3 5 * 1 1 1 u d d
1 1 1 6 1 3 -0 9 7 1 u u
I I 1 7 2 2 + 1 1 9 * 1 1 1 1 d d d
1 1 1 7 3 9 -1 2 6 * 1 1 1 u d d
1 1 1 8 3 6 -7 8 6 * 1 1 1 1 u
H 1 9 2 7  —516* 1 1 1 u
I I 1 9 3 4 —063* 1 1 1 1 d d d
1 1 2 0 4 4 -0 3 2 1 1 d d d
H 2 1 0 7 -0 9 7 * 1 1 1 1 d d d
1 1 2 1 2 9 -6 2 4 * 1 1 1 d u
H 2 2 3 6 —372* 1 1 1 u u u
112303+ 039* 1 1 1 u d d
H 2 3 5 1 - 3 1 5 1 d d d
a An entry of “1” indictes data is available for that waveband (or from that instrument). 
For radio data a “d” indicates a detection and a “u” indicates an upper limit. Data at 
8.4 GHz is from Parkes, 5.0 GHz from the VLA and 1.4 GHz is from either the VLA or 
the Fleurs Synthesis telescope. All objects denoted with * have UBVRIJHK, IRAS and 
radio measurements.
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F ig . 1.— Broad-band Spectral Energy Distributions
The broad-band spectral energy distributions of the HEAO-1 AGN plotted as log /„ (upper 
panel) and log v fv (lower panel) vs log v. Upper limits are indicated by arrows and are 
3 cr, error bars are 1 a and multiple data sets are plotted when available. Weighted least 
squares power-law fits to the IRAS, near-infrared and X-ray data are shown with dotted 
lines in both panels unless insufficient data are available for the fit (see text). The near 
infrared data and optical data are corrected for galactic extinction.
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F i g . 1 .— Broad-band Spectral Energy Distributions (Cont.)
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FIG. 1.— Broad-band Spectral Energy Distributions (Cont.)
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FIG. 1.— Broad-band Spectral Energy Distributions (Cont.)
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We comment on the data and corrections made in each waveband:
X-ray The monochromatic X-ray flux at 4.5 keV (the logarithmic center of the 
2 — 10 keV band) is calculated as described in Chapter 4. No correction 
for galactic absorption is necessary since the X-rays detected by LASS 
are in the hard 2 — 10 keV region.
Ultraviolet For those objects with IUE observations, the spectra are binned 
into five ~  150 A bins chosen so as to avoid any spectral features. The 
data are corrected for galactic absorption using the extinction curve of 
Seaton (1979) and E(B  — V”) determined from the neutral Hydrogen 
column density (Starke et al. 1984) using the dust-to-gas ratio of Savage 
and Mathis (1979), or the galactic latitude model (Schmidt 1968) when 
N h data is unavailable.
Optical The UBVRI photometry for each AGN is converted to the appropri­
ate monochromatic flux density (Bessell and Brett 1988; Allen 1973) and 
corrected for galactic absorption in the same manner as the ultraviolet 
data (see also §4.A.3).
Near infrared The JHK photometry is treated in the same way as the optical 
measurements.
Far infrared The IRAS data requires no corrections but we note that the 
data are taken through a ~  1 arcminute aperture (see discussion below).
Radio All the available radio data are plotted in Figure 1 and reflect a variety 
of instrumental sensitivities.
Also shown in the upper and lower panels of Figure 1 are dotted 
lines representing the weighted regression power-law fitted to the far-infrared 
(IRAS), near-infrared (JHK) and X-ray data (4.5 keV). For eight objects2 
insufficient data are available and non-weighted fits are used. No fits are given 
for the object H0258—126 since all data but the X-ray point are upper limits. 
In Table 2 we list the results of the fits for all objects except H0258—126. For
2H0509+116, H0620-646, H0635-431, H0828-706, H1444-553, H1613-097,
H2044—032 and H2351—315.
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the fits in the upper panel of Figure 1 the parameters a,x and cl listed in 
Table 2 are defined by log v f v =  (—a lx + 1) log u + cl and for fits in the lower 
panel, c2 is defined by log f„ =  —a tx log v +  c2. The error in q,x is given in 
the final column as 8a. Where a non-weighted fit is used no error in the slope 
is given.
We must consider whether the data from different wavebands (and 
therefore instruments) plotted in Figure 1 can be fairly compared. X-ray stud­
ies of hard X-ray selected AGN with imaging instruments suggest that the 
X-ray emission is compact and we assume that the LASS detections in the 
2 — 10 keV band are of this nature. In order to compare the emission at other 
wavebands we must establish that the radiation is also associated with the 
compact central region rather than other regions (such as the host galaxy). 
The VLA radio data presented in Chapter 4 indicate that none of the AGN 
are resolved with C array3 and are not extended on this (relatively large) scale. 
Other higher resolution studies of Seyfert 1 galaxies and quasars have shown 
that the low level emission (at 1.4 GHz) is generally of a compact nature in 
these objects (see Chapter 3).
The great majority of AGN in the sample have optical spectra de­
void of stellar absorption features characteristic of contamination by an under­
lying host galaxy4. The AGN appear on either SRC, Palomar or UK Schmidt 
photographic plates as stellar-like images exhibiting a range of host galaxy (or 
“fuzz”) behaviour. Optical UBVRI photometry is generally found to agree 
to within a factor of 2 with the magnitudes derived by convolving the opti­
cal spectra with standard filters. Examination of the spatial direction of the 
two dimensional images of the AGN spectra shows that the great majority of 
light is contained within the seeing limit for most AGN, indicating that these 
sources are unresolved. The host galaxy is apparent in only a small number of 
cases (including H0258—015) and to differing degrees (see Table 2).
We suggest that agreement between photometry derived from the 
spectra and UBVRI photometry, together with a lack of host galaxy indicates 
that the optical photometry is sampling radiation from a compact region of the
3A resolution of ~  9" x 12"
4The obvious exception is H0258—015 -  see Chapter 4.
194
TABLE 2
Power-Law Fits
Namea —  & i x  +  1 b c lc ~ a i x d c2 e 6af
H0122—281 -0 .17 -11 .52 -1 .1 7 14.48 0.64
H0217—639 -0.01 -13 .86 -1 .01 12.14 0.09
H0258—015* 0.07 -14 .17 -0 .93 11.83 0.39
H0307—722* 0.06 -14 .52 -0 .94 11.49 0.05
H0339—822* -0 .15 -11 .95 -1 .15 14.05 0.35
H0419—577 -0 .02 -13 .50 -1 .02 12.49 0.33
H0448—041* 0.30 -17 .62 -0 .70 8.38 0.09
H0509+166 -0 .10 -11 .79 -1 .10 14.21 —
H0510+031 0.40 -19 .34 -0 .60 6.68 0.71
H0523—118 0.02 -13 .84 -0 .9 8 12.17 0.23
H0557—503 0.02 -14.31 -0 .98 11.70 0.02
II0620—646 0.01 -13 .97 -0 .99 12.03 —
H0635—431 -0 .03 -13 .23 -1 .03 12.77 —
H0659—494 -0 .14 -12 .02 -1 .14 13.98 0.27
H0828—706 0.14 -16 .36 -0 .86 9.64 —
H1100—230 -0 .30 -10 .03 -1 .3 0 15.97 0.56
III 118—431 -0 .06 -12 .69 -1 .06 13.31 0.20
H1142—178 -0 .10 -12 .16 -1 .10 13.82 0.97
H1325—246 -0 .20 -11 .03 -1 .20 14.98 0.30
H1338—144 0.04 -14 .13 -0 .9 6 11.86 0.24
H1444—553 -0 .09 -12 .28 -1 .09 13.72 —
H1504+035 -0 .06 -12.71 -1 .06 13.29 0.16
H1613—097 -0 .09 -12 .36 -1 .09 13.64 —
H1722+119 0.05 -14 .55 -0 .95 11.45 0.06
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TABLE 2 
(CONT.)
P ow er-Law F its
N am ea x  +  1 b c l c ~ a J c 2 e 6af
H 1739—126 0.05 -1 4 .1 1 -0 .9 5 11.90 0.33
H 1836—786 -0 .0 1 -1 3 .5 4 -1 .0 1 12.46 0.02
H 1927—516 0.07 -1 4 .8 6 -0 .9 3 11.16 0.52
H 1934—063 -0 .2 3 -9 .8 0 -1 .2 3 16.20 0.56
H 2044—032 -0 .0 7 -1 3 .1 5 -1 .0 7 12.85 —
H 2107—097 0.22 -1 6 .5 1 -0 .7 8 9.49 0.15
H 2129—624 -0 .1 5 -1 1 .6 9 -1 .1 5 14.32 0.09
H 2236—372 -0 .2 4 -1 1 .0 4 -1 .2 4 14.96 0.03
H 2303+039 -0 .0 3 -1 3 .4 3 -1 .0 3 12.56 0.27
H 2351—315 -0 .0 7 -1 2 .9 1 -1 .0 7 13.10 —
a The objects marked with an asterix (*) suffer from varying 
degrees of contamination by starlight from the host galaxy. 
Note also that in two cases (H0510+031 and H0448 —041) 
there is sufficient data to warrant a weighted fit but that 
the weighting has caused a poor fit to the X-ray data (with 
large error). The poor fit for H1100—230 may be due to 
variability and for H2236—372, the poor fit is caused by the 
extreme big bump excess.
b The slope of the power-law in the log — logi/ plane 
(upper panel of Figure 1).
c The constant in the equation logi/ f v — (—c*,x -f 1) log v + 
cl.
d The slope in the power-law fit in the log /„ — log v plane 
(lower panel of Figure 1).
e The constant in the equation log f u = —a ,x log v + c2. 
f The error in a JX as determined from a weighted regression 
fit to the far-infrared (IRAS) near-infrared (JHK) and X- 
ray (4.5 keV) data. Where no error is given a non-weighted 
regression fit has been made.
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AGN. Similarly, we argue that the near-infrared (JHK) photometry samples 
the same region. We have no infrared images of the AGN to confirm the lack 
of an extended component, but such a contribution seems unlikely since there 
is no discontinuity between the optical and near-infrared photometry3 *5. The 
IRAS observations were made with much larger apertures than the optical 
and near-infrared measurements. None of the detected sources are found to 
be extended beyond the ~  1 arcminute aperture size however we have no 
information about the spatial structure on smaller scales.
The extrapolation of the infrared data to X-ray frequencies suggests 
that the far-infrared emission may originates from the same compact region 
as the X-ray radiation. The fits given in Table 2 include the X-ray data, but 
if the infrared data alone is considered, we find that the resulting power-law 
fits are highly predictive of the X-ray flux. If H0258—015 is omitted due to 
obvious host galaxy contamination6, the X-ray flux at 4.5 keV is predicted to 
within 2 a  for 19 of 25 AGN and to within 3 a  for 20 of 25 or 80% of the 
sample. A striking feature of the IRAS data shown in Figure 1 is the close 
agreement with a power-law extending from the near-infrared. Most of the data 
lie on the near-infrared extrapolation supporting the view that the far-infrared 
radiation arises from the same compact region as the optical and near-infrared 
emission. This coupled with the predictive ability of the infrared power-law at 
X-ray frequencies strongly suggests that the radiation mechanisms are linked 
at these frequencies. We investigate the relationship between the luminosities 
below.
The broad-band SEDs are very uniform throughout the sample. In 
addition to the predictive ability of the infrared power-law at X-ray frequencies, 
the distribution of infrared -  X-ray power-law slopes is remarkably narrow. 
The mean spectral index for the 34 objects given in Table 2 is:
ctix =  1.03 ±0.15
3In §5.5.1 we examine the near-infrared colours of the sample in detail and find them
to be consistent with a mix of power-law and normal galaxy. The majority of the sample
however are consistent with a power-law energy distribution at near-infrared frequencies.
6This AGN is the only example in our sample of an object completely dominated by the 
host galaxy. We omit this AGN from any further statistical analysis that would be affected 
by such host galaxy contamination.
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where the error is the dispersion about the mean7. Such a narrow range of 
spectral slopes is suggestive of a single common emission mechanism operating 
over 6 decades of frequency. The average slope for the BL Lac objects in 
the sample is no different from that of the emission line AGN, which may be 
evidence for a nonthermal interpretation of the broad-band spectra. In Figure 2 
we show the distribution of the spectra indices (a tx) listed in Table 2. The solid 
curve is the best-fit Gaussian and shows that the data is well approximated 
by a normal distribution.
In summary, the broad-band spectral energy distributions of the 
AGN are remarkably uniform. A simple power-law extrapolation from the far 
and near-infrared predicts the observed X-ray flux for 80% of the AGN. This 
relationship between the infrared and X-ray is suggestive of a single, probably 
nonthermal mechanism responsible for the continuum emission over 6 decades 
of frequency.
5.3 T h e  B ig B lue B u m p
So far we have ignored the optical and ultraviolet data in our discussion. 
The spectra in Figure 1 fall into two broad categories: those with an opti­
cal/ultraviolet excess (or big bump) above the infrared -  X-ray power-law and 
those with a small or absent excess. The most extreme example of the bump 
class is H0557—503 for which both IUE and EXOSAT  data are available. The 
excess in this case appears to extend from optical to X-ray frequencies (see 
Chapter 6). Other objects with large excesses are H0122—281, H0419—577, 
and H0659—494. Some objects have intermediate bumps including H0828—706 
and H1142—178 and others like H1836—786 and H1934—063 appear to have 
no excess over the power-law. The spectra of these last two objects stand out 
as examples of pure power-law cases. Such a wide range of bump behaviour is 
intriguing and we introduce a parameter, UB40” (defined below), to quantify 
the effect.
The ideal way to estimate the big bump is to obtain high signal- 
to-noise simultaneous data from infrared to ultraviolet frequencies and model
7The spectral index in the log ufv — log u plane is therefore 0.03.
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S p ec tra l Index a^
FlG. 2.— Distribution of the Infrared -  X-ray Power-law indices
Distribution of the infrared -  X-ray power-law spectral index listed in Table 2. The solid 
curve is the best-fit Gaussian to the data. The mean and dispersion of the data are 1.03 
and 0.15 respectively.
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the 3000 Ä bump in the manner of Wills, Netzer and Wills (1985; hereafter 
WNW). In their model, the 3000 A bump is comprised of Fe II and Balmer 
continuum emission and combines with the big blue bump to form an excess 
over the IR -  X-ray power-law. Since the departure of the big bump from the 
underlying power-law increases to shorter wavelengths (at least to 2000 A), the 
excess is best measured at as short a wavelength as possible. Unfortunately we 
are unable to model the 3000 A bump for the majority of our sample and any 
measurement in that spectral region is very uncertain. Consequently we are 
forced to measure the excess at some longer wavelength where the departure 
from the power-law is less pronounced, but still enough to give an indication 
of the presence and size of the big bump.
We choose the continuum point at 4040 A in the rest frame of the 
AGN, between H<5 and He, at long enough wavelength to avoid contamination 
from the 3000 A bump yet still sensitive to the “tail” of the big bump. The 
bump parameter (B40) is calculated by forcing the infrared -  X-ray power-law 
(Table 2) to meet the optical spectrum at 6200 A, and dividing the difference 
between the spectral flux density at 4040 A ( /a[4040j) and the flux density of 
the power-law at 4040 A ( /p/[4040]) by the latter:
5 4 0  =
f s [4040] -  f pl [4040] 
f Pi [4040] ( 1 )
We assume that the tail of the big bump contributes in a negligible 
way to the flux at 6200 A and that the spectrum has retuned to the power- 
law8. The power-law is forced to agree with the optical spectrum at 6200 A 
to allow for any discrepancy between the absolute flux derived from the opti­
cal photometry and the spectroscopy, and to minimize the effect of the error 
associated with the power-law equation. In addition, a correction is made at 
both 6200 A and 4040 A for galactic absorption in the usual manner. The 
values of B40 for 29 of the sample AGN are listed in Table 3. Those AGN 
with intermediate and extreme big blue bumps as judged from the SED given 
in Figure 1, are denoted with single and double daggers respectively.
8This assumption is valid for all but the most extreme bump cases (of which H0557—503 
is the only example in the present sample). In these cases however, the departure from the 
power-law is very large at 4040 A and B40 is large also. The assumption then causes the 
big blue bump to be slightly underestimated.
TABLE 3
The Big Bump Parameter
N a m e B 4 0 a N a m e B 4 0
H 0 1 2 2 —281* 0 .19 H 1 3 2 5 —246 - 0 . 5 1
H 0 2 1 7 -6 3 9 * 0 .02 H 1 3 3 8 -1 4 4 * - 0 . 5 1
H 0 3 0 7 —722 - 0 .3 6 H 1 5 0 4 + 0 3 5 - 0 . 6 5
H 0 3 3 9 —822 - 0 .7 3 H 1 6 1 3 —097 - 0 . 9 5
H 0 4 1 9 -5 7 7 * 0.20 H 1 7 2 2 + 1 1 9 - 0 .2 1
H 0 5 1 0 + 0 3 1 - 0 .8 1 H 1 7 3 9 —126 - 0 . 7 6
H 0 5 2 3 —118t - 0 .3 7 H 1 8 3 6 —786 - 0 . 6 0
H 0 5 5 7 —503* 0.44 H 1 9 2 7 —516* - 0 . 3 4
H 0 6 2 0 —646 - 0 .4 5 H 1 9 3 4 —063 - 0 . 4 8
H 0 6 3 5 —431 - 0 .5 0 H 2 0 4 4 —032 - 0 . 9 7
H 0 6 5 9 —494* 1.07 H 2 1 0 7 —097 - 0 . 4 7
H 0 8 2 8 -7 0 6 * 0 .06 H 2 1 2 9 -6 2 4 * - 0 . 4 1
H 1 1 0 0 —230 - 0 .1 2 H 2 2 3 6 —372* 0.61
H l  1 I S —431* 
H 1 1 4 2 -1 7 8 *
- 0 .4 1
0 .19
H 2 3 0 3 + 0 3 9 - 0 . 6 9
a The big bump parameter, B40, defined in equation 1. A 
correction for galactic absorption is made (see text).
* Judged from their SED (Figure 1) to possess an extreme 
big blue bump.
t Judged from their SED (Figure 1) to possess an interme­
diate big blue bump.
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From inspection of Figure 1 the SEDs fall into three broad classes, 
those with extreme blue bumps9, those with intermediate bumps10 and those 
with no evidence for an excess over the underlying infrared -  X-ray power- 
law11.
We see from Table 3 that B40 succeeds in separating the three 
groups according to:
B40 > 0 Big blue bump
—0.41 < B40 < 0 Intermediate blue bump (2)
B40 < —0.41 No blue bump
Of the 8 AGN with B40 > 0, 6 are judged to be extreme bump 
cases, and the remaining 2 are judged to be intermediate cases (Table 3). Of 
the 7 AGN with intermediate values of B40, 2 are BL Lac objects (see below) 
and 4 of the remaining 5 are judged to possess intermediate bumps. Only one 
AGN (H1338—144) judged to possess an intermediate bump has a value of B40 
in the “no-bump” category. We conclude that B40 separates the AGN into 
the three classes and gives close agreement with our qualitative assessment of 
the SED.
A feature of the values of B40 listed in Table 3 is that many are 
negative. In theory, 0 < B40 < oo but from Table 3, we find — 1 < B40 <1.1. 
We expect those objects with big bump excesses to have B40 > 0 and the 
remaining objects to have values normally distributed around 0. Any error in 
the equation of the power-law translates into an error in B40. An AGN with 
no excess should have f s [4040] = f pi [4040] but if the estimated power-law 
slope is too steep, the predicted power-law flux will be greater than the flux of 
the spectrum at 4040 Ä, and B40 will be negative. Thus we expect a normal 
distribution of B40 around 0 for “no-bump” objects (i.e. reflecting the error 
in the power-law), some range of B40 ~  0 corresponding to the intermediate 
bump cases and B40 > 0 for the extreme bump objects. The B40 distribution 
seems to be shifted by ~  0.4 to lower values, perhaps reflecting a systematic
9H0122—281, H0419-577, H0557-503, H0659-494, H0828-706 and H2236-372.
loH0217-639, H0523-118, H1118—431, H1142—178, H1338-144, H1927-516 and 
H2129—624.
n The remaining AGN.
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source of error. Alternatively, the errors contributing to the uncertainty in 
B40 may be large enough to cause the observed distribution.
The main sources of error in the calculation of B40 are the deter­
mination of the underlying power-law and the flux calibration of the optical 
spectra (i.e. the absolute shape of the spectra). The power-law fits given in 
Table 2 are calculated from the far-infrared (IRAS), near-infrared (JHK) and 
X-ray data. In general, the near-infrared data are the most accurate and 
play an im portant role in determining the power-law in a weighted fit. The 
far-infrared data is in turn more influential than the X-ray point which has 
an associated error of ±50%. A bias towards steeper power-laws may be in­
troduced by weighting the fit with the infrared d a ta12. Variability will also 
introduce error in the power-law determination. The most variable AGN at 
optical wavelengths are the BL Lac objects. A power-law determined primarily 
from (the less variable) infrared data may not accurately predict the flux in 
an optical spectrum from a different epoch. Both BL Lac objects with mea­
surements of B40 in Table 3 (H1100—230 and H1722+119) have “intermediate 
bum p” values. The SEDs in Figure 1 show clear evidence of variability for 
both objects and we treat the values of B40 with caution. Errors associated 
with the absolute shape of the optical spectra are unlikely to introduce a sys­
tem atic bias towards steeper power-law indices since the spectra have resulted 
from a variety of telescopes, instrum ents, flux standards and reduction proce­
dures. We cannot be certain if any systematic biases are affecting the absolute 
value of B40, however the parameter certainly discriminates between excessive 
bump and weak/no-bump behaviour which we find useful below.
The param eter B40 is a dimensionless quantity  and is not conve­
nient to correlate with other AGN properties such as luminosity. A more 
convenient param eter may be defined as:
L40 =  4ttd2 ( f s [4040] -  f pl [4040]) (3)
where d is the distance to the object (equation 3, §4.A.l). We list the values 
of L40 in Table 4 for those AGN with B40 > 0.
In Chapter 6 we model the big bump excess of H0557—503 as ther­
mal emission from an accretion disk. If the excess seen in the other big bump
12Alternatively we may say that the lack of accurate X-ray data may cause a bias.
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TABLE 4
The Big Bump Luminosity Parameter
Name log L40a
H0122—281 47.81
H0217—639 46.28
H0419—577 47.96
H0557—503 48.20
H0659-494 47.35
H0828—706 47.52
H1142—178 46.80
H2236-372 47.78
a The big bine bump luminosity indicator defined in equa­
tion 3 given log units of erg s-1 A - 1  at 4040 A in the rest 
frame of the AGN.
AGN is due to this mechanism, B40 is then a measure of the strength of the 
accretion disk spectrum relative to the underlying power-law. There is clearly 
a wide range of bump behaviour which may be explained by geometrical or 
intrinsic effects. The big bump objects could be associated with face-on disks 
which produce a large thermal luminosity. The hot inner parts of the disk 
are now visible and provide the high energy photons needed to connect a soft 
X-ray excess with the optical -  ultraviolet excess seen in the SED of some ob­
jects (like H0557—503). In this picture, the small bump objects correspond to 
disks at larger inclination angles and the no-bump objects, perhaps to side-on 
or obscured disks. An alternative view is that the difference in bump size is 
due to differing disk size, the larger the disk the larger the bump. We will use 
B40 and L40 as a big bump indicator and search for correlations with other 
AGN properties in §5.7.
In summary, we have derived a big bump parameter, B40, which 
is a measure of the excess over the underlying infrared -  X-ray power-law at 
4040 Ä. The parameter succeeds in separating the objects into three classes: 
extreme bump, intermediate bump and no-bump.
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5.4 S election  E ffects an d  S ta tis tic s
Before seeking relationships between various AGN properties (such as emission 
line luminosity, continuum luminosity and big bump behaviour) we must con­
sider the significance of any statistical results derived from our sample and any 
selection effects that may bias the data. The aim of any statistical study is to 
draw conclusions about the host population from which the sample is drawn. 
As well as considering the selection effects, correct statistical techniques must 
be used to account for data containing upper limits (censored data).
5.4.1 Selection  Effects
All the AGN in this sample are selected from the HEAO-1 survey: an unbiased, 
flux limited X-ray survey of the entire sky. Ideally, we would study the fully 
identified survey, but this is not possible since all the objects are not yet 
identified. Any sufficiently large sample randomly chosen from the complete 
sample will reflect the properties of the whole sample. The selection effects 
operating on the present sample are:
1. The X-ray fields selected for the identification program are taken from 
the weaker (6 — 8 cr) HEAO-1 detections.
2. The fields are high galactic latitude with |b| > 20°.
3. Candidate object search techniques: UV-excess and prism plates.
The first point is hardly a selection effect since the majority of bright HEAO-1 
detections have already been identified leaving only fainter fields. The conse­
quence of (1) is that the X-ray flux range of objects in the sample is rather 
narrow. This has implications when comparing the fluxes and luminosities at 
two different frequencies (see below). Excluding those sources in the galactic 
plane (2) removes only a small proportion of the population and does not affect 
the conclusions of a statistical study — it is highly unlikely that the distant ex- 
tragalactic universe is very different in the direction of the galactic plane. The
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main selection effect occurs in the candidate search techniques. Two common 
characteristics of X-ray sources are UV-excess and spectral emission features. 
UV-excess does not select those sources which are intrinsically reddened and 
the use of prism plate searching is aimed at overcoming this bias. If we were 
successful in identifying the optical counterpart of every X-ray source with 
either of these methods, we could be confident that no other types of X-ray 
source exist and that our sample is indeed representative. However, we do not 
identify every field but rather ~  75%. One example of known X-ray sources 
that are undetected with our methods are red BL Lac objects, possessing nei­
ther a blue excess nor emission lines.
Another issue is the certainty with which a given candidate is asso­
ciated with the X-ray source. The normal procedure is to compare the search 
area (of A3 diamonds) with the surface density of objects of that type and 
calculate the probability of a chance discovery of an object of the appropriate 
class. Such calculations are given in Remillard et al. (1986; Paper I) and Chap­
ter 2 and strongly support the presented candidates as the X-ray sources. We 
note also that a number of identifications have been confirmed with imaging 
X-ray experiments (see Papers I—III).
We consider that the high identification success rate and the ran­
dom nature of the field selection argues strongly that the present sample is 
representative of the parent population of high galactic latitude extragalactic 
X-ray sources13. As such, any physical relationships suggested by statistical 
study of their properties, will apply to the global population.
5.4.2 S tatistica l A nalysis
In a statistical study of this kind, the analysis is made complex by the existence 
of upper limits in the data. The data is said to contain “censored” data points 
which occur when properties of a previously defined sample are measured and 
not all are detected. This situation frequently arises in the actuarial field and 
appropriate methods, known as “survival” or “life-time” analysis, have been 
derived for that purpose. An elegant treatment of the techniques of survival
13Excluding clusters of galaxies.
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analysis for astronomical purposes is given by Feigelson and Nelson (1985) a n d  
Isobe, Feigelson and Nelson (1986; see also Miller 1981). These authors have 
made available a software package, ASURV, which permits easy access to the 
techniques of survival analysis.
Since we have no firm knowledge of the underlying parent popu­
lation and wish to test for correlations between censored data sets, we must 
use nonparametric models and bivariate methods14. Two correlation tests and 
three linear regression methods are included in ASURV to analyse bivariate data: 
the Cox hazard and generalized Kendall’s tau models for correlation, and the 
EM algorithm, Buckley-James and Schmidt’s binned method for regression. 
The authors advise using all the appropriate methods to gain a better under­
standing of the uncertainties in the derived parameters.
One common relationship to search for in multiwavelength data 
is between the luminosity at different frequencies. If the flux range of the 
sample is small and the redshift range large, the effect of multiplying both 
fluxes by 47rd2 is to stretch the data into a narrow band of slope unity and 
high probability of correlation. Given a correlation in the luminosity plane, it 
is natural to look for a correlation in the flux plane, and some authors suggest 
that a luminosity correlation in not believable unless there is at least some 
correlation in the flux plane. Arguments of this type led Feigelson et al. to 
consider statistical techniques for censored data sets.
The result of considerable debate in the literature (see Feigelson 
and Berg 1986; Isobe, Feigelson and Nelson 1986) is that where a flux limited 
sample is fully detected in some other quantity, no bias should be present in 
the luminosities10. If a sample contains upper limits in the second quantity, 
we should believe a correlation in the luminosity plane regardless of the rela­
tionship in the flux plane, providing the appropriate statistical methods are 
used in determining the significance of the correlation.
In §5.7 we present correlations between the 2 — 10 keV X-ray lu­
minosity and the H/3 and [0 III] luminosities for the emission line AGN in
14Parametric models assume a knowledge of the distribution of the underlying parent 
population and univariate methods aim to determine the properties of the parent population 
from which the censored data set is drawn.
15Known as the Malmquist bias.
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the sample. Both the emission line luminosities correlate strongly with the 
X-ray luminosity but to differing degrees (the H/3 -  X-ray relation is much 
tighter). Neither flux plot shows any correlation, both are scatter plots. If the 
correlation in the luminosity plane is due to a redshift effect, the tightness of 
correlation must be the same for both the B.ß and [0 III] luminosity because 
exactly the same redshifts are being applied to the fluxes in the two cases (i.e. 
the same objects are in both plots). Since the degree of correlation between the 
luminosities is so different in the two cases, we conclude that the luminosity 
correlations are not redshift effects. We use this example to support our claim 
that physically meaningful relationships exist in the luminosity plane without 
corresponding flux relationships.
The X-ray flux range of the sample AGN presented here is small 
since all the sources are faint HEAO-1 detections. We can increase both the 
sample size and X-ray flux range with the addition of the HEA0-A2 survey 
(Piccinotti et al. 1982). The Piccinotti sample is a complete all-sky flux lim­
ited survey containing the ~  30 brightest extragalactic X-ray sources in the 
sky, and is a subset of the HEAO-1 survey. We combine the two samples 
when considering the radio and X-ray emission and broad-band spectral index 
properties of the sample.
Before presenting the linear correlations between various AGN 
properties, we discuss the infrared and broad-band spectral properties of the 
sample.
5.5 In fra re d  E m ission  from  A G N
We have a very uniform and complete infrared data set covering both the near 
and far-infrared spectral regions and we are motivated to explore some of the 
implications of the infrared data alone.
5.5.1 T he N ear-infrared Colours
In Figure 3 we plot our data in the near-infrared colour -  colour diagram. 
Seyfert 1 galaxies are indicated by filled circles, quasars by squares and BL
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Lac objects by triangles and all data has been plotted with standard (1 a)  error 
bars. The dashed line indicates the power-law locus with various power-law 
indices shown in brackets. The solid line gives the locus found by mixing an 
increasing proportion of “pure quasar colours” with standard elliptical galaxy 
colours (following Ward et al. 1982; hereafter W82). The locus is derived 
by assuming elliptical colours of H — K = 0.20, J — H = 0.67 (point E) and 
mixing quasar colours of H — K = 1.15, J — H = 0.95 until the locus reaches 
the quasar position (point Q). All colours are transformed to the AAO colour 
system from the MSO system using the equations of Bessell and Brett (1988). 
Before discussing Figure 3, we show our data together with the data from 
W82 and Hyland and Allen (1982; hereafter HA) who made a study of the 
near infrared properties of a sample of AGN (Figure 4). We do not include 
those galaxies from W82 regarded as normal, and only include quasars from 
HA with < 0.3. The latter criterion ensures a fair comparison with our 
sample.
From Figures 3 and 4 a clear separation between quasars and 
Seyfert galaxies is seen. W82 suggest that the distribution of AGN between 
the “E” and “Q” points demonstrates that the range of behaviour displayed by 
Seyfert galaxies and quasars may be accounted for by an increasing dominance 
of the central quasar component. They conclude that the near-infrared emis­
sion from Seyfert galaxies is better represented by a normal galactic component 
plus quasar component rather that a galactic component plus power-law. In a 
companion paper (Allen, Ward and Hyland 1982; hereafter AWH) the infrared 
colours of a sample of BL Lac objects are examined. The energy distribution 
of the BL Lac objects are found to follow a power-law distribution, clustering 
around the power-law locus in Figure 3.
In Figure 4, all the open circles nearest the “E” point are Seyfert 2 
galaxies and the Seyfert 1 galaxies lie further towards the “Q” point and the 
power-law locus. If the spread of the BL Lac objects around the power-law 
locus in Figure 1 of AWH is compared with that of the Seyfert 1 galaxies and 
quasars in Figures 3 and 4, a similar range is found. Given the uncertainty 
associated with each point, a power-law interpretation of the near infrared 
data for the majority of AGN in our sample is not inconsistent. Note also that 
the two BL Lac objects (triangles in Figure 3) lie coincident with the Seyfert 1
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N e a r—in f r a r e d  Colour P lan e
H -K
F ig . 3 .— Near-infrared Colour Diagram for the Sample
The colour -  colour diagram for the near infrared photometry of the sample (transformed 
to the AAO system), shown with standard (1 cr) error bars. Seyfert 1 galaxies are denoted 
by filled circles, quasars by squares and BL Lac objects by triangles. The power-law locus 
is shown (dashed line) with some spectral indices marked. A locus defined by mixing 
increasing pure quasar colours with standard elliptical galaxy colours is also shown (solid 
line; after Ward et al. 1982) with the elliptical colour position marked with “E” and the 
quasar colours with “Q”.
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N e a r—in f r a r e d  Colour P lan e
O CD £
H -K
F ig . 4 .— Near-infrared Colour Diagram for AGN
The near infrared colour -  colour diagram for the present sample together with data from 
Ward et al. (1982) and Hyland and Allen (1982). Seyfert galaxies, quasars and BL Lac 
objects are denoted by circles, squares and triangles respectively. The data from other 
sources are plotted as open symbols and the present sample as filled symbols. The other 
lines and symbols are as described in Figure 3.
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galaxies. However, a simple power-law interpretation alone cannot explain the 
full distribution of points in this plane and we consider the possible role of 
other components.
In §5.2 we presented compelling evidence for a common underlying 
far-infrared -  X-ray power-law with index ~  1. The “E” -  “Q” locus shown in 
Figure 4 cuts the power-law (dashed) line at a = 0.8, somewhat flatter than 
a  =  1.0. A power-law with index a  = 1.0 plus differing amounts of a normal 
galactic component describes the distribution of the Seyfert galaxies extremely 
well. The locus of this model starts on the power-law line at a = 1 and extends 
towards “E”, slightly higher than the locus of W82, and more closely fitting 
the data. We note that the point closest to “E” in Figure 3 is H025S—015, the 
AGN most heavily contaminated with starlight in our sample. The exceptions 
to this picture are the quasars lying in the lower right-hand part of the plane, 
redder in H — K and bluer in J — H.
Two effects that can move objects in the near-infrared colour plane 
are redshift and the addition of warm dust at the source. Hyland and Schwarz 
(1979) investigate the first effect and show the theoretical locus of quasar 
colours as a function of redshift for a typical, zero redshift optical spectrum 
and a power-law continuum of u~l . The J — H colour does indeed become 
bluer at constant H — K as z increases16 from 0.4 to 0.85. For z < 0.4, there 
is no change from the initial position on the power-law locus. The redshift of 
the quasars in question is z < 0.3 and we must conclude that redshift cannot 
account for the position of the objects.
Warm dust in the temperature range 10 < Tdust < 1100 K emits a 
quasi-blackbody spectrum peaked in the range 3 — 100 /zm. At temperatures 
less than 10 K the dust is too cool to radiate, and at temperatures greater 
than ~  1100 K, the dust evaporates. If warm dust is present, the major effect 
is to redden H — K and move points towards the right in the near-infrared 
colour plane, partly explaining the position of the quasars. However, the dust 
has little effect on J — H and the blueness in this colour of the quasars is 
not explained. One possibility is that the power-law possessed by the quasars
16The effect is dominated by Ha as it changes position through the infrared band passes 
as a function of redshift. Other lines such as Paa, Pa/?, and He I (10830 Ä) have little effect.
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is flatter than a =  1. A combination of flatter power-law and warm dust 
can explain the quasar colours. One problem with the senario is that the 
temperature associated with the central region of the more luminous AGN is 
certainly greater than 1100 K, and therefore too hot for the existence of dust. 
The dust must therefore be located far enough away from the central ionizing 
source to avoid vaporization and the effects of a thermally driven wind and 
radiation pressure.
We conclude that the near infrared colours of both the sample and 
those AGN studied by W82, are well described by a u~l power-law plus dif­
fering amounts of a normal galactic component. The colours of the majority 
of the AGN in the present sample are however, not inconsistent with a sim­
ple a  = 1 power-law interpretation. The colours of a small group of quasars 
with redder H — K and bluer J — H values may be explained by the addition 
of a warm dust component and/or power-law indices flatter than a — 1. In 
addition, the similarity between the spread of BL Lac objects and the other 
AGN around the power-law locus, supports the interpretation of a nonthermal 
component.
5.5.2 T h e  F a r-in fra re d  C olours
A large number of the AGN were detected by IRAS (27 of 34 at 25 ^m - see 
Table 4.7) and we are able to investigate the relationship between the near and 
far-infrared emission. In Figure 5 the flux and luminosity at 2.2 fim (K band) 
corrected for galactic absorption is plotted against the flux and luminosity at 
25 /im. Also shown are the regression fits determined from the parametric EM 
algorithm (dotted lines; see §5.7.1). The significance of correlation between 
the variables is tested using the Cox Proportional Hazard model (§5.7.1). The 
global x 2 is found to be 20.96 and 38.79 for the flux and luminosity data 
respectively, both with one degree of freedom, indicating a strong correlation. 
The probabilities for the two tests that the correlations arise by chance are 
5 x 10-6% and 5 x 10~lo% respectively17. Similar correlations exist between
17In Section 5.7 we give a summary of the results of statistical tests for correlations between 
various physical parameters, and include regression fits with uncertainty estimates.
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the 2.2 fim emission and the remaining 3 IRAS bands and between the J and 
H band data and IRAS data.
Figure 5 demonstrates a clear relationship between the near and 
far-infrared emission for the sample AGN, and provides strong support for the 
notion that the IRAS detections are associated with the AGN. Of particular 
significance are the placement of the IRAS upper limits at low 2.2 /am fluxes. 
There is no example of an object with a large near infrared flux which is 
not detected by IRAS, further supporting the conclusion that the far-infrared 
radiation is associated with the AGN.
The far-infrared properties of the AGN may also be considered in 
a colour -  colour plane. The basic parameters derived from the IRAS flux 
data are listed in Table 5. The flux ratios are listed together with two spectral 
indices calculated according to (Soifer, Houck and Neugebauer 1987):
a(60/25) = 2.63 log(/25/ / 60) (4)
£*(100/60) = 4.51 log(/60/ / 10o) (5)
In Figure 6 we plot a(100/60) against a(60/25) with scales appro­
priate for comparison with Figure 8 of Soifer et al. (1987) who divide the plane 
into regions populated by AGN of different classes. We show two regions in 
Figure 6, the Seyfert 1 region (the larger ellipse) and the quasar and BL Lac 
region (the smaller ellipse). Also shown is the pure power-law locus (straight 
line). All the AGN in the present sample lie in or near that part of the Seyfert 1 
region coincident with the BL Lac and quasar region, and clustered around 
the power-law locus. The radiation from the BL Lac objects and quasars is 
likely to be dominated by a nonthermal component and be uncontaminated by 
a normal galactic component (particularly the BL Lac objects). The position 
of the sample AGN in this plane is evidence that the far-infrared radiation 
originates from similar processes18.
18The similarity between the far-infrared colours of the Seyfert galaxies (and quasars) 
and BL Lac objects argues against dust as the origin of the radiation for the majority of 
the AGN. The power-law nature and high optical/near-infrared polarization observed in the 
spectra of BL Lac objects is strong evidence for a nonthermal origin of the radiation in these 
objects (see Chapter 7).
In f ra re d  C o r re la t io n
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FlG. 5.— Infrared Flux Correlation for the AGN Sample
The upper panel shows the flux at 2.2 (K band) corrected for galactic absorption 
plotted against the 25 flux from IRAS. Seyfert 1 galaxies are denoted by filled circles, 
quasars by squares and BL Lac objects by triangles. Open symbols represent 3 a upper 
limits in the vertical direction. The luminosities are plotted in the lower panel. The best 
fit regression lines as determined from the parametric EM algorithm are indicated with 
dotted bnes (see text). Highly significant correlations are found in both the flux and 
luminosity planes.
Table 5 215
IRAS Indices a
Name log[/i2/ / 2s] log[/eo//ioo] / 2  s//iso <*(60/25) a( 100/60)
> 0.750 > -0 .3 2 9  < -1 .9 8 1H0122—281 0.325 < -0.439
110217-639 0.000 > -0.136
H0258—015 -0.328 > 0.064
H0258—126
H0307—722 < -0.359 < -0.778
H0339—822 -0.196 > -0.637
H0419—577 -0.376 > -0.217
H0448—041 -0.684 -0.228
H0509+166 -0.070 -0.477
H0510+031 0.176 > -0.447
H0523 —118 -0.519 > -0.455
H0557—503 -0.189 0.046
H0620—646
H0635—431 > 0.477 -0.471
110659-494 -0.181 0.196
110828-706
111032 — 142
H1100—230 > 0.067 -0.374
H1118—431 -0.340 > -0.134
111142-178 -0.450 0.437
H1325—246 > -0.176
H1338 —144 -0.310 -0.246
H I444—553 < -0.243
H1504+035 -0.494 -0.227
H1613—097 < -0.260 < -1.008
H1722+119 < -0.087
HI 739-126 -0.602 > -0.990
H1836 —786 -0.312 -0.204
H1927—516 0.327 > -0.311
H1934—063 -0.249 -0.283
H2044—032 > -0.283
H2107—097 -0.430 > -0.865
H2129—624 0.049 -0.286
H2236—372 < 0.125 < -0.447
H2303+039
H2351—315 < -0.512 -0.372
0.421 -0.988 > -0.614
0.825 -0.220 > 0.290
> 2.000 > 0.792 < -3.509
1.222 0.229 > -2.872
0.950 -0.059 > -0.981
1.833 0.692 -3.086
1.021 0.024 -0.314
1.000 0.000 > -2.017
0.971 -0.034 > -2.053
0.409 -1.021 -0.853
> 0.320 < -1.301 -2.126
0.241 -1.623 -0.817
> 0.632 < -0.525 -1.689
0.745 -0.337 > -0.605
0.682 -0.437 ' -2.029
1.480 0.448 -1.396
> 0.264 < -4.516
0.643 -0.505 -2.228
> 1.818 > 0.683 < -4.545
> 0.550 > -4.490
0.766 -0.305 > -4.464
0.400 -1.047 -1.406
0.381 -1.102 > -1.404
0.438 -0.942 -1.124
1.296 0.296 > -3.903
0.617 -0.552 0.220
> 0.900 > -0.120 < -2.017
> 1.143 < 0.153 -3.389
1.529 0.485 -1.676
a The parameters / 1 2 , / 2s, f ß o  and /1 0 0  refer to the fluxes at 12 f i m ,  25 /xm, 
60 /xm and 100 /xm respectively, measured in Jy. The spectral indices a(60/25) 
and a(100/60) are calculated according to: a(60/25) =  2.63 log[/2 5 / / 6o] and 
a(100/60) =  4.51 log[/6o//ioo], and assuming f v oc v + Q .
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IRAS c o l o u r —c o l o u r  p l o t
a ( 100/ 6 0 )
F ig . 6 .— IRAS Spectral Indices
The IRAS colour -  colour diagram showing the HEAO-1 AGN as filled squares. The data 
are taken from Table 5 and upper limits are shown in both directions where appropriate. 
Also shown are two regions associated with objects of different classes taken from Figure 8 
of Soifer et al. (1987). The larger region is associated with Seyfert 1 galaxies and the 
smaller with BL Lac objects and quasars. The straight line represents constant spectral 
index.
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This evidence together with the near-infrared discussion points to a 
power-law and probably nonthermal origin for the near -  far-infrared radiation 
in these AGN. The near and far-infrared radiation is clearly closely linked as 
shown in Figure 5. The location of the AGN in the near-infrared colour -  
colour plane is also generally consistent with a power-law. The close connection 
between the near and far-infrared radiation combined with the excellent fit to 
the overall infrared energy distribution with a power-law, supports this model. 
In addition, the ability of the extrapolated infrared power-law to predict the 
X-ray flux strongly supports a nonthermal origin for the infrared radiation.
5.6 B r o a d -b a n d  S p e c tr a l  P r o p e r t ie s
One commonly employed technique for comparing the spectral shapes of AGN 
is with broad-band spectral indices that compare the flux density at various fre­
quencies (Tananbaum et al. 1979; Stocke et al. 1985; Ledden and O’Dell 1985). 
We define two indices joining the continuum fluxes at 2 keV, 4300 Ä and 
1.4 GHz:
OC0x
Q r o
log fo p t ~ log f x
2.842
log f r a d  log fo p t
5.698
( 6)
( 7 )
with a defined in the usual way. A discussion of various broad-band spectral 
indices is given in §4. A.3 including the relationship between the ß indices listed 
in Table 3.11 and the a  indices defined here. The values of a ox and aro are 
presented in Table 6 and we plot the indices for the sample AGN in Figure 7 
where the symbol definition is as usual. The flux at 4300 A has been derived 
from the optical B magnitude and corrected for galactic extinction. Where 
radio measurements are unavailable at 1.4 GHz, fluxes at other frequencies are 
extrapolated to 1.4 GHz assuming a spectral index of ctrad = 0.7 (Brissenden 
et al. 1989). The only upper limits are in aro since all objects have X-ray and 
optical measurements, and are indicated in Figure 7 with unfilled symbols.
The AGN are seen to separate into two groups in aro with similar 
spreads in aox. Those AGN with steeper aro lying at ctT0 ~  0.3 are the BL Lac
218
TABLE 6
Broad-band Spectral Indices
Name a ox a ro Name a ox a ro
H0122—281 1.121 < 0.080
H0217—639 1.016 < 0.180
H0258—015 1.063 0.050
H0307—722 1.144 < 0.150
H0339—822 0.910 < 0.260
H0419—577 1.242 < 0.050
H0448—041 1.096 -0.030
H0510+031 1.060 0.120
H0523—118 1.152 -0.030
H0557—503 1.092 0.290
H0620—646 1.026 < 0.170
H0635—431 1.007 < 0.180
H0659—494 1.121 < 0.100
H0828—706 0.984 < 0.180
H1100—230 0.830 0.350
H1118—431 1.253 -0 .020
H1142—178 1.283 -0 .020
H1325—146 1.085 -0 .040
H1338—144 1.292 -0 .020
H1504+035 1.028 0.030
H1722+119 0.991 0.290
H1739—126 0.997 0.000
H1836—786 1.046 < 0.160
H1927—516 1.080 < 0.150
H1934—063 1.254 0.060
H2044—032 0.882 0.280
H2107—097 1.194 -0 .010
H2129—624 1.102 < 0.160
H2236—372 0.911 < 0.040
H2303T039 0.936 -0 .010
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B ro a d —b a n d  S p e c t ra l  Ind ices
FlG. 7.— Broad-band Spectral Plot for the Sample
Spectral indices connecting 2 kev, 4300 A and 1.4 GHz for the sample AGN. Seyfert 1 
galaxies, quasars and BL Lac objects are represented by circles, squares and triangles re­
spectively and open symbols denote 3 cr upper limits in the vertical (downward) direction.
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objects and radio-loud quasars19, and are the radio-loud group. The remaining 
AGN (mostly Seyfert 1 galaxies) lie at a ox ~  0 and are the radio-quiet group. 
The range of flux ratios may be derived from the range in a ox and a r0 for the 
two groups. Given ranges A a ox and A a ro we may rearrange equations 6 and 7 
to give:
loud and radio-quiet subsamples are given in Table 7 together with the mean 
and dispersion for a ox and a ro. We choose to define radio-quiet AGN as 
having a ro < 0.2 and radio-loud AGN as having a ro > 0.2. The statistics 
are calculated only for the detections shown in Figure 7. The range of a ox for 
the upper limits is the same as for the radio-quiet detections (clearly there are 
no radio-loud upper limits). The upper limits listed in Table 6 are explained by 
the different sensitivities of the radio telescopes used to obtain the data. Only 
two of the objects with upper limits were observed with the VLA. Both the 
objects (H0122—281 and H2236—372) are quasars with 2  > 0.1, placing them 
at the high redshift end of the distribution. The radio data for the remaining 
11 objects were taken with either the Parkes Telescope or the Fleurs Synthesis 
Telescope, both instrum ents with much lower sensitivity than the VLA. The 
radio properties of the radio detections and non-detections are therefore likely 
to be the same (the only “selection effect” being their southerly declination) 
and we expect the true position of the upper limits points to be in a region 
coincident with the detections. We therefore consider only those objects with 
radio detections in the calculation of the statistics shown in Table 7 and expect 
the results to be unbiased by the omission of the upper limits.
We extend the present sample with the AGN contained within the 
HEAO-A2 survey (the Piccinotti et al. [1982] sample). The addition of these
(8)
(9)
The values of these parameters for the whole sample and the radio-
19The objects H1100-230, H1722+119, H0557-503 and H2044-032.
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TABLE 7
Statistics of the Broad-band Spectral Indices
<  ctox >  a ± b ^  & ro  ^ ± A ( £ ) c A ( £ ) d
P resen t Sam ple 
all objects 1.09 0.14 0.08 0.14 20 170
radio-loud 0.95 0.12 0.31 0.03 6 2
radio-quiet 1.13 0.14 0.00 0.05 10 8
C om bined Samples 
all objects 1.12 0.17 0.14 0.18 220 7700
radio-loud 1.01 0.14 0.36 0.10 25 60
radio-quiet 1.18 0.17 0.03 0.08 110 70
a The mean value of a ox as defined by equation 6. The index a ro is 
defined in equation 7. 
b The 1 cr dispersion about the mean.
c The ratio of X-ray to optical flux corresponding to a given range in 
a ox, defined in equation 8.
d The ratio of optical to radio flux corresponding to a given range in 
a ro, defined in equation 9.
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(~ 30) AGN increases the numbers (and therefore the statistical significance), 
increases the flux range of the sample and introduces a number of Seyfert 2 
galaxies of which there are none in the present sample.
The radio properties of the Piccinotti sample have been examined 
by Unger et al. (1985) who present the flux (or upper limit) at 1.4 GHz for 
all objects in the sample. We calculate the indices aox and aro for these 
objects based on the radio data of Unger et al., B magnitudes found in the 
literature and the X-ray data from Piccinotti et al. (1982). In Figure 8 we 
plot the indices for the combined present and Piccinotti samples. We note 
the exclusion of Mkn 590 and 3C 445 as the identifications of the sources 
H0206—019 and H2216—027 and the inclusion of the source H1836—786 from 
the present sample (Remillard 1989).
Despite the apparent confusion of Figure 8, the same general fea­
tures seen in Figure 7 are evident. All the BL Lac objects (triangles) reside in 
a narrow range of aro (0.3 — 0.4). The majority of Seyfert 1 galaxies lie in the 
radio-quiet region of the plane (which we define as aro < 0.2) corresponding 
to very flat optical -  radio spectra. Examples of both radio-loud and quiet 
Seyfert 2 galaxies are found. There seems to be a broad separation between 
radio-loud and quiet AGN but the dichotomy is less clear than for the smaller 
number of objects in Figure 7. Unger et al. examined the Piccinotti sam­
ple for evidence of a bimodal distribution in “radio-loudness” (Kellermann et 
al. 1986), but found none. The addition of the present sample suggests that 
while there are intermediate objects, the AGN tend to fall into separate re­
gions of the olox -  ar0 plane corresponding to differing radio properties. From 
Table 7 we find that the range of optical/X-ray flux ratios for the complete 
sample is similar for both the radio-loud and radio-quiet groups. However, the 
range of radio/optical flux ratios for the whole sample is much larger than for 
the radio-loud and radio-quiet groups defined by aro < 0.2. This supports the 
notion of a bimodal distribution of aro and a relatively uniform distribution 
in aox. We note that applying the Cox Proportional Hazard method to the 
combined present and Piccinotti samples (including upper limits) indicates a 
lack of correlation between aox and aro. The value of x 2 = 1-85 with one 
degree of freedom implies a probability of chance correlation of 17.3%.
In a study of a sample of X-ray selected AGN from the Extended
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B r o a d - b a n d  S p e c t r a l  Ind ices
cPo •
FlG. 8.— Broad-band Spectral Plot for AGN
Spectral indices connecting 2 kev, 4300 Ä and 1.4 GHz for the combined present and 
Piccinotti et al. samples of AGN. Seyfert 1 galaxies, Seyfert 2 galaxies, quasars and BL 
Lac objects are represented by circles, crosses, squares and triangles respectively and open 
symbols denote upper limits in the vertical (downward) direction. There are no Seyfert 2 
upper limits.
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Medium Sensitivity Survey of the Einstein Observatory, Gioia et al. (1988) 
plot ~  100 BL Lac objects and emission-line AGN in the aox -  aro plane. A 
very similar distribution is found, also with two groups of radio-loud and radio- 
quiet AGN. The BL Lac objects coincide with the those shown in Figure 8, 
in a narrow band of ar0, between 0.3 and 0.5. The separation in this plane 
between radio-selected and X-ray selected BL Lac objects has been suggested 
(Ledden and O’Dell 1985, Stocke et al. 1985) but with the addition of recently 
discovered HEAO-1 BL Lac objects, the dichotomy is less pronounced and 
with the addition of further objects, may disappear (Schwartz et al. 1989).
In Summary, the optical -  X-ray properties of the AGN in the aox 
-  aro plane are very similar. The separation of groups in ar0 must result from 
differing radio properties and we suggest that aro = 0.2 divides the AGN into 
radio-loud and radio-quiet groups. As further AGN are added to the diagram 
the “gap” may become filled in indicating that the radio-loud and radio-quiet 
objects are at the extremes of a continuous distribution.
5.7  L in e a r  C o r re la tio n s
In this section we present the linear correlations between the various AGN 
properties derived previously. In the first section (§5.7.1) the statistical analy­
sis is described and a table of results given. Plots of some continuum radiation 
and line-emission correlations are presented in §§5.7.2 and 5.7.3.
5.7.1 S tatistica l A nalysis
The results of the statistical tests performed on the AGN parameters are given 
in Table 8. In the first two columns, x and y denote the independent and 
dependent variables respectively. The notation used in expressing the different 
quantities is explained in the notes after Table 8. The value of x2 and the 
probability of chance correlation (P) given in the third and fourth columns are 
determined using a correlation test by the Cox Proportional Hazard model. 
The slope (m), slope error (8m) and intercept (c) of the line of best fit to
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the data are calculated using the Parametric EM algorithm and the Buckley- 
James method. In all cases the two methods give values consistent within 
the errors and we quote the results from the Parametric EM algorithm. All 
the statistical results are determined using the ASURV package. The final two 
columns in Table 8 list the number of AGN considered in the correlation (iV) 
and the number of upper limits (Nup) contained in the dependent variable data 
set.
5.7.2 C ontinuum  R adiation  C orrelations
Given the strong evidence for a single underlying power-law connecting the 
infrared and X-ray regions (§5.2), we examine the correlation between the 
near infrared and far-infrared emission with the X-ray emission. In Figure 9 
we plot the 2.2 psm flux and luminosity against the 4.5 keV flux and luminosity. 
There are no upper limits since all those AGN observed were detected at near- 
infrared wavelengths. In Figure 10 we show the flux and luminosity at 25 /im 
plotted against the 4.5 keV X-ray flux and luminosity.
A very strong correlation is seen between the 2.2 /zm and X-ray 
luminosities and between the 25 fim and X-ray luminosities. The correlations 
remain if the Seyfert galaxies are considered alone as shown in Table 8. These 
findings support the view that the X-ray and infrared radiation is linked for 
both the radio-quiet and loud AGN.
The SEDs of many of the AGN shown in Figure 1 suggest that 
the radio emission may be a distinct component from the far-infrared -  X-ray 
continuum. To investigate this we consider a number of correlations between 
the radio luminosity and other quantities.
In Figure 11 we plot the 1.4 GHz radio flux and luminosity against 
the 2 keV X-ray flux and luminosity for the sample AGN. The correlation 
between the luminosities for all the objects is significant, but weaker than for 
either the near or far-infrared radiation. There is no significant correlation 
between the radio and X-ray luminosities for the Seyfert galaxies alone, with a 
probability of chance correlation of 13%. The probabilities of a chance corre­
lation for the near and far-infrared with the X-ray luminosities are 9 x 10_D%
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TABLE 8
Statistical Regression and Correlation
x a y b x 2 p (% )c m d 8 m e c f Ns N h
f 2 .2 / 2 5 20.96 5 x 10-6 0.86 0.12 0.87 28 5
- ^ 2 .2 L-25 38.79 5 x 10~10 0.98 0.07 1.50 28 5
/ . h .2 0.43 51.1 0.01 0.07 -5 .8 6 29 0
L x L  2 .2 35.15 3 x IO-7 1.17 0.12 -7 .91 29 0
L x( S) i 2.2(S) 15.31 9 x IO"5 0.95 0.17 -3 .0 0 20 0
/ . / 2 5 0.74 39.0 -0 .03 0.09 -5 .9 4 33 7
Lx L25 33.38 8 x 10-7 1.01 0.08 -6 .5 2 33 7
L X(S) L k {S) 15.67 8 X 10-3 0.97 0.14 -5 .51 23 3
U /is 0 2.06 15.1 0.12 0.09 -5 .8 6 33 10
Lx L qq 6.39 1.2 0.72 0.15 0.64 33 10
L x{ S) L 6o (S ) 1.83 17.6 0.45 0.20 7.36 24 5
/x f r 1.00 31.7 0.04 0.05 -5 .6 2 34 15
Lx L r 6.47 8 x K T4 0.55 0.07 6.47 34 15
L x ( S) L A S ) 2.31 12.9 0.25 0.14 13.17 25 11
Ix (Q B ) L A  QB) 9.43 0.2 0.72 0.28 2.60 11 6
/x (P ) / r ( P ) 4.66 3.1 0.09 0.05 -5 .4 8 61 18
Ix ( P ) £ r (P ) 38.74 5 x 10-8 0.53 0.05 6.75 61 18
Ix (S 1 2 P ) L r ( S l 2 P ) 9.52 0 .2 0.40 0.10 9.48 45 12
i x ( S P ) ^ r ( S P ) 8.44 0.4 0.36 0.10 10.55 40 12
f r /iso 0 .00 100.0 0.01 0.12 -0 .5 3 18 2
L r Leo 25.31 5 x 10~5 0.49 0.07 13.19 18 2
L A S ) L 6o(S ) 11.41 7 x ic r2 0.57 0.17 11.25 14 1
f u ß / . 0 .00 100.0 0.02 0.05 -10 .38 29 0
Lwß Lx 22.61 2 x 10 :6 0.81 0.11 10.25 29 0
f[ OIII] f r 0.17 67.7 0 .00 0.04 -10 .59 29 0
£[OIII] Lx 10.77 0.1 0 .66 0.18 16.77 29 0
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TABLE 8 
(CONT.)
Statistical Regression and Correlation
x a y h x 2 p(%) *= m d S m e c f Ng N hup
FW HM (H/3) Fe II/H/3 11.20 8 x 1 0 -2 -0 .9 5 0.24 3.21 17 0
FW HM (HjS) E W (Fe II) 4.59 3.2 -0 .5 3 0.18 3.75 16 0
FW H M (H /J) EW (H/?) 7.26 0.7 0.33 0.11 0.82 29 0
& i x L40 0.03 86.8 -0 .2 8 2.00 47.17 8 0
Lup L40 1.84 17.5 0.62 0.39 20.60 8 0
L x L40 1.62 20.3 0.54 0.28 23.21 8 0
FW H M (H ß) L40 2.92 8.8 -2 .2 7 0.82 55.02 8 0
EW (H/3) L40 2.09 14.9 -2 .1 8 1.11 51.74 8 0
L40 Fe II/H/3 0.44 50.8 0.69 0.29 -1 2 .9 5 8 2
a Independent variable. 
b Dependent variable.
c Probability tha t the correlation arises by chance, as determined from the
value of x2 with one degree of freedom.
d Slope of regression fit.
e Error in the slope of regression fit.
f Intercept of regression fit.
g Number of data  points.
h Number of dependent variable upper limits.
Notes:
1. All x and y should be read as logo: and logy except a tx.
2. Symbols / ,  X, EW and FWHM refer to flux, luminosity equivalent width 
and full-width-at-half-maximum respectively. /  and L may be either con­
tinuum or integrated line values.
3. Subscripts x, r, 2.2, 25 and 60 indicate-monochromatic fluxes or luminosities 
at 4.5 keV, 1.4 GHz, 2.2 /mi, 25 ym and 60 (im respectively.
4. Symbols in parentheses refer to: (S) Seyfert 1 galaxies only, (QB) quasars 
and BL Lac objects only, (P) the Piccinotti sample has been included and 
(S12) Seyfert 1 and 2 galaxies only.
K vs X - r a y  C o r re la t io n
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log L 4 . 5  keV (W Hz'1)
FlG. 9 .— K Band and X-ray Correlation
The upper panel shows the flux at 2.2 fim plotted against the 4.5 keV flux for all AGN with 
JHK photometry. The lower panel gives the luminosity plot with regression fit (dotted 
line) and shows a strong correlation. Seyfert 1 galaxies, quasars and BL Lac objects are 
represented by circles, squares and triangles respectively.
IRAS vs X - r a y  C o rre la t io n 229
•  •  cP
l O g  f  4.5 keV ( J y )
(W Hz l )
FlG. 10.— IRAS 25 /j.m and X-ray Correlation
The flux and luminosity plots (upper and lower panels respectively) for the emission at 
25 fj,m and 4.5 keV for the AGN sample. The symbols are the same as in Figure 9 and 
upper limits in the vertical direction are indicated by unfilled symbols.
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and 8 x 10“°% respectively. In Figure 12 we replot Figure 11 with the addi­
tion of the Piccinotti sample. From Table 8 we find a strong overall correlation 
between the radio and X-ray luminosity. If only the Seyfert 1 galaxies are con­
sidered the probability that the correlation arises by chance is much weaker at 
0.4%.
The strong correlation between the near and far-infrared luminos­
ity and the X-ray luminosity for all types of AGN confirms the connection 
suggested previously by the predictive ability of the infrared power-law at X- 
ray energies. The correlation between X-ray and radio luminosity seen for the 
whole sample is mainly due to the division between radio-loud and radio-quiet 
AGN. If only the radio-quiet AGN are considered, the correlation becomes 
very weak. This suggests that the radio component is independent of the in­
frared -  X-ray energy production mechanism. The broad-band energy distri­
butions shown in Figure 1 also support the idea of a distinct radio component. 
The v~x infrared -  X-ray power-law transforms into a horizontal line in the 
log v f u — log u plane (upper panels) indicating equal energy production per 
logarithmic frequency interval. The radio component lies well below the ex­
trapolation of this line and those objects for which radio spectral information 
is available show no indication of linking smoothly with the power-law.
As in Figure 11, the correlation between the X-ray and radio lumi­
nosities shown in Figure 12 is mainly caused by the separation of the radio-loud 
and radio-quiet groups in the plane. The correlation within each group is much 
weaker (Table 8. The radio luminosity upper limits from the present sample 
are of great importance in this interpretation. The majority of the more X-ray 
luminous Seyfert 1 galaxies and quasars are constrained to have radio lumi­
nosities in the same range as their less X-ray luminous counterparts.
The weak correlation between the X-ray and radio luminosities for 
Seyfert 1 galaxies may be explained if a compact radio component exists in 
every AGN. The compact radio component (dominant in the radio-loud AGN) 
may provide sufficient luminosity to produce the correlation for large samples 
of objects. The existence of compact radio structure seen with both VLBI and 
high resolution VLA studies (Ulvestad and Wilson 1989) supports this view.
We note that the Seyfert 2 galaxies are generally less X-ray lumi-
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FlG. 11.— Radio and X-ray Correlation -  Present Sample
The 1.4 GHz radio flux (upper panel) and luminosity (lower panel) plotted against the 
2 keV X-ray flux and luminosity. Symbols are as for Figure 10.
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FlG. 12.— Radio and X-ray Correlation -  Piccinotti and Present Sample
The 1.4 GHz radio flux (upper panel) and luminosity (lower panel) plotted against the 
2 keV X-ray flux and luminosity for both the Piccinotti and present samples. Symbols are 
as for Figure 10 with Seyfert 2 galaxies represented by crosses.
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nous than the Seyfert 1 galaxies, but have similar radio luminosities. This is 
consistent with the recent findings that there may be no difference between 
the radio properties of Seyfert 1 and 2 galaxies (Ulvestad and Wilson 1989).
5 .7 .3  E m issio n  Line C orrela tion s
X -ray -  Hß  and [O hi]
In Figures 13 and 14 we plot the integrated H/? and [0 III] (A5007) 
flux and luminosity vs the 2 — 10 keV X-ray flux and luminosity. The regression 
fits and correlation data are given in Table 8. It is clear both from the figures 
and Table 8 that while the luminosities correlate in both cases, there is a 
much stronger correlation between the H/? and X-ray luminosity than for the 
[0 III]. As discussed in §5.4 this argues strongly that the correlations seen in 
the luminosity plane are not merely redshift effects because the objects in each 
diagram are the same (and hence the redshift-dependent distance multiplier 
applied to each point in the flux plane is the same).
It is well established that there is a tight correlation between the 
nonthermal optical luminosity and the H/9 luminosity (Yee 1980). The rela­
tionship suggests that the Balmer lines arise in the BLR from recombination 
after ionization from the nonthermal continuum. To understand the relation­
ship between hard 2 — 10 keV photons and the H/? luminosity, we must consider 
the processes by which the X-ray energy is lost (e.g. Osterbrock 1989).
At photon energies ~  3 keV the Coulomb binding of an electron to a 
neutral Hydrogen atom becomes unimportant and the opacity is dominated by 
the photoionization of heavier ions such as C, N, 0  and Ne. Photons with such 
high energies are capable of removing the inner (Is or K-shell) electron and 
leave the resulting ion in a highly excited state. Such ions rapidly decay via the 
radiationless Auger transition process, releasing a second high energy electron. 
The two electrons may lose energy by collisional excitation by either direct 
excitation of Lya or by increasing the ionization of H I and thus producing 
further secondary electrons. Once the electron energy has degraded below the 
Lyman limit (13.6 eV) the energy is entirely deposited as heat in the gas.
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• •  •
log L Hß (erg s ' )
F ig . 13.— Integrated H/? and~2 — 10 keV X-ray Correlation
The integrated H/3 flux (upper panel) and luminosity (lower panel) against the 2 - 1 0  keV 
X-ray flux and luminosity. Seyfert galaxies and quasars are represented by circles and 
squares respectively. The best fit regression is shown in the luminosity diagram (dotted 
line).
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FlG. 14.— Integrated [OIII] and 2 — 10 keV X-ray Correlation
The integrated [0 III] A5007 flux (upper panel) and luminosity (lower panel) plotted 
against the 2 — 10 keV X-ray flux and luminosity. Seyfert galaxies and quasars are repre­
sented by circles and squares respectively. The best fit regression is shown in the luminosity 
diagram (dotted line).
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In this senario we would expect the Hß  to be produced via recombination 
after ionization from the photons resulting from excitation from the secondary 
electrons. We would also expect, based on the relationship between Hß  and the 
X-ray luminosity, a similar relation between the Lya and X-ray luminosities. 
We have only 6 objects with Lya flux measurements (Table 4.3) and find no 
significant correlation between the Lya and 2 — 10 keV X-ray luminosities, 
with x 2 =  2.0 and a probability for chance correlation of 17% determined by 
the Cox Proportional Hazard method.
The tightness of correlation between the Hß  and X-ray luminosities 
argues that the energy deposited by the hard 2 — 10 keV X-rays in the form 
of secondary electrons, is of prime im portance in the photoionization of the 
BLR and the production of the H/3 luminosity. The slope of the regression 
fit between the logarithm of the two quantities is 0.8 ± 0 .1  ~  1. This direct 
scaling between the incoming X-ray radiation and em itted H/3 luminosity is 
suggestive of a constant covering factor for AGN in the sample.
The forbidden [0 III] luminosity correlates less tightly with the X- 
ray luminosity than does H/?. The typical density in the BLR is ~  1012 cm-3 
which is much higher than the density at which [0 III] is collisionally de-excited 
(~  105 cm -3). The [0 III] is formed in the less dense (but larger volume) clouds 
of the NLR further away from the central source. The increased scatter in the 
correlation may be due to differing covering factors, variations in density or a 
combination of these effects.
Correlations between the H/?, [O III] and X-ray luminosities have 
been found for other samples of AGN. Kriss, Canizares and Ricker (1980) find 
a correlation between the R ß  and 2 keV fluxes for a sample of mostly Seyfert 1 
galaxies and Grindlay et al. (1980) find the same relation for a sample of X-ray 
selected quasars. Stephens (1989) presents a large num ber of linear correlations 
for AGN from the Einstein Medium Sensitivity Survey and finds correlations 
between both perm itted and forbidden line luminosities and the 0.5 — 4.5 keV 
X-ray luminosity. The correlations presented here differ from these studies in 
tha t the X-ray luminosity is from the harder 2 — 10 keV band.
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Fe II Correlations
In Figure 15 we plot the full-width-at-half-maximum (FWHM) of 
H/3 against the ratio of Fe II to H/9. Such a correlation has been suggested 
previously by Wills (1982). The strong correlation seen from Table 8 and 
Figure 15 may in fact arise from the effect of plotting the width of H/? against 
a function of the inverse of itself. If the FWHM H/? is denoted by w and the 
flux of the line by ~  hw where h is the height of the line, then the Fe Il/H/9 ratio 
may be written f (hw)~l where /  is the Fe II line flux. The plot in Figure 15 
is then effectively kw~l vs w where k = f / h .  If k is constant (or equally, if 
/  oc h) the correlation may be due to plotting a given quantity against the 
inverse of itself. We measured h for the AGN in Figure 15 and indeed found 
an excellent correlation between /  and h suggesting that the FWHM (H/3) vs 
Fe Il/H/? correlation may reflect a mathematical artifact rather than a physical 
relationship. Gaskell (1985) suggests that the increasing Fe Il/H/? is due to 
decreasing EW H/? with decreasing H/3 width20, and we note that this trend 
is also found in our data (Table 8).
In order to avoid this problem we plot the equivalent width of Fe II 
rather than Fe Il/H/5 (Figure 16). The lower left point in the diagram (a quasar 
denoted by a filled square) represents H0557—503. The broad-band spectrum 
of this quasar is dominated by a big blue bump extending from the optical to 
the X-ray (see Chapter 6). The cool tail of the big bump is still very strong 
at H/3 and inflates the spectrum above the underlying infrared -  X-ray power- 
law. Since the optical Fe II emission is measured in this region, the EW Fe II is 
much lower than for other AGN with less prominent bumps. The strength of 
Fe II relative to H/? for H0557—503 is amongst the highest in the sample. The 
quasar is unusual also in that it has a very high radio luminosity and strong 
Fe II (relative to H/?) contrary to the often quoted inverse correlation between 
radio and Fe II emission. — -
If we remove H0557—503 from the sample, the probability that the 
correlation between EW Fe II and FWHM H/? arises by chance is 3% (it is 
15% if the quasar is included) with x2 =  4.6 and one degree of freedom. The 
regression fit shown in Figure 16 is for data excluding H0557—503, as is the
20Which is essentially the same explanation.
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FlG. 15.— FWHM E ß  and FeII/H ß Correlation
The logarithm of the FHWM H/3 (km s-1 ) plotted against the logarithm of the sum of 
Fe II multiplets at A4570 and AA5190,5320 relative to Eß.  Seyfert galaxies and quasars 
are represented by circles and squares respectively and the best lit regression line is shown 
(dotted line).
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FlG. 16.— FW HM  H/? and Equivalent W idth  of Fell Correlation
The logarithm of the FHWM H/3 (km s-1 ) plotted against the Equivalent Width of the 
sum of the Fe II multiplets A4570 and AA5190,5320, expressed in Ä. Seyfert galaxies and 
quasars are represented by circles and squares respectively and the best fit regression line 
is shown (dotted line).
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statistical and regression analysis given in Table 8.
The trend shown in Figure 16 is in contrast to the data of 
Gaskell (1985) who finds constant Fe II with H/3 width. He argues that since 
the EW Fe II is constant while the EW H/3 declines as the FWHM H/9 de­
creases, the H/? is being suppressed relative to Fe II in the narrow permitted 
line objects. This means that the H/3 is being collisionally destroyed at ei­
ther higher densities or higher optical depths than the Fe II in these objects. 
From Table 8 we see a correlation between the FWHM H/3 and EW Fe II with 
X 2 = 7.3 and a probability of chance correlation of 0.7%. This correlation is 
in the same sense as the Gaskell data, with B.ß line width decreasing with 
decreasing EW H/L We thus find that the narrow-line objects have weaker 
EW H/2 and stronger EW Fe II than the broader-line objects.
In order to comment on the significance of these trends, we first dis­
cuss the production mechanisms for Fell (e.g., Osterbrock 1989; Netzer 1987).
Detailed models of the Fe II emission seen in AGN show that the 
optical and UV emission is comprised of many thousands of individual emission 
lines and multiplets (e.g., Netzer and Wills 1983, and references therein). The 
strongest optical multiplets are emitted in two broad bands either side of Hß 
and correspond to the A4570 and AA5190,5320 multiplets. The widths of 
the few resolved Fe II emission lines are essentially the same as the Hß lines 
suggesting a common region of origin.
The low ionization potential of Fe° and Fe+ (7.9 and 16.2 eV re­
spectively) suggests that the lines are produced in the large, “warm” (6000 < 
T < 10000 K) partly ionized (n(H+)/n(H°) ~  0.05) transition regions of the 
BLR. In addition to the Fe II, other low excitation lines such as C II], Mg II 
and H are important in the cooling of this extended region. The upper energy 
levels of the optical Fe II transitions are connected to either the ground term 
or metastable terms by strong permitted UV transitions (2300 < A < 2800 Ä). 
The optical depths in the permitted UV lines are large and any UV line-photons 
undergo multiple scatterings before being emitted as optical Fell. The strength 
of optical Fe II therefore depends on the probability of the transition from the 
metastable states to the observed optical states, which in turn depends on 
environmental quantities such as turbulence and density.
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Two excitation processes have been suggested to account for the ob­
served Fe II emission: collisional excitation and resonance fluorescence. Net­
zer (1980) modelled Fe II assuming collisional excitation together with pho­
toionization, but found that some spectral features were not explained, partic­
ularly the shape of many UV blends. Similarly, resonance fluorescence cannot 
explain the emission since the predicted depletion of the UV continuum is not 
observed. The most successful models have combined the two mechanisms and 
the issue currently under debate is the relative dominance of the two processes.
Figure 16 shows a trend for increasing EW Fe II with decreasing 
Rß  line width. The correlation can be understood if the width of Rß  which 
is related to the large scale turbulence of the BLR, also relates to the small 
scale turbulence deep within the clouds. The AGN with broader Rß  then 
emit less Fe II because of collisional de-excitation of the metastable states. A 
correlation of increasing Rß  line-width with EW Rß  (opposite sense to the 
EW Fe II) reflects an increased mass of gas, perhaps caused by an increased 
covering factor for the AGN with broader lines.
5.8 F e l l  E m is s io n  a n d  th e  X -ra y  S p e c tru m
In this section we consider the relationship between the strength of Fe II emis­
sion and the slope of the soft X-ray spectrum in AGN. We first briefly review 
other studies of Fe II emission in AGN.
Despite the early discovery of Fe II emission (Wampler and 
Oke 1967), its relation to other AGN properties remains an enigma. The 
presence of Fe II at some level in the optical spectra of virtually all AGN was 
one of the first properties to be established (Phillips 1978a,b; Grandi 1981; 
Netzer and Wills 1983). As described above, detailed models of Fe II emission 
(Davidson and Netzer 1979 and references therein; Kwan and Krolik 1981; 
Netzer and Wills 1983; WNW) suggest that the broad lines form as a result of 
photoionization of many dense (~  lO10 cm-3) cloudlets which partially cover 
a central source of power-law continuum radiation. The apparent ubiquity of 
Fe II emission coupled with theoretical work led to the recognition of the im­
portance of Fe II blending and its modifying effect on the shape of the optical
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continuum of AGN (WNW and references therein). The detailed modelling of 
Fe II and BaC by WNW demonstrates the danger of line width interpretation 
in Fe II strong AGN. For example, the A4570, A5120 and A5320 A multiplets 
situated either side of Rß  become blended with the broad wings the Rß  line 
for line widths FWHM > 4000 km s“1. We note that this effect will not bias 
our measurements since only 5 objects listed in Table 4.12 possess FWHM Rß  
> 4000 km s-1.
Perhaps.the only firmly established correlation between Fe II emis­
sion and other properties of AGN is in relation to radio emission. It is 
well noted that radio-loud AGN generally show an absence of Fe II in their 
spectra whilst the opposite it true for radio-quiet AGN (Osterbrock 1977; 
Phillips 1978a; Peterson, Foltz and Byard 1981; Bergeron and Knuth 1984). 
This relationship between radio emission and Fe II strength led Steiner (1981) 
to propose a classification scheme for AGN based on the Fe II flux and emis­
sion line profiles. However, Wilkes, Elvis and McHardy (1987; hereafter WEM) 
have suggested that the radio -  Fe II connection may be secondary to a more 
fundamental link with the X-ray emission.
A connection between Fe II emission and soft X-ray spectral slope 
was first suggested by Remillard, Schwartz and Bradt (1986) based on the 
steep X-ray spectrum of H0557—503 and the very strong optical Fe II emission. 
WEM measured the Fe II equivalent width (EW) for a sample of nine AGN with 
X-ray spectral data. They found a general trend of steeper soft X-ray slope 
with increasing Fe II EW, although the sample was small and the uncertainty 
in the X-ray slopes quite large.
We may test the WEM correlation further with the addition of three 
new objects. In addition to the EXOSAT  spectrum for H0557—503, repro­
cessed Einstein IPC spectra are available for two other AGN displaying strong 
optical Fell emission: I ZW 1 and NAB 0205+024 (Remillard 1989). Measure­
ments of the strength of the A4570 Fe II multiplet for I Zw 1 and NAB 0205+024 
are taken from Phillips (1978a) and Peterson, Foltz and Byard (1981) respec­
tively. The X-ray slopes and Fell strengths for these two AGN and H0557—503 
are given in Table 9.
The value of A4570 Fe Il/H/3 for each of the nine AGN presented by
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TABLE 9
FeII and X-ray Spectral Data
AGN OLx Instrument Fe II:H/?a
H0557—503 1 0 1 + 0 . 1 5I . O i —o . 08 EX OS AT 0.80
I Zw 1 i.6 i& Einstein IPC 1.32
NAB 0205+024 1-0+S5 Einstein IPC 0.40
a The ratio of A4570 Fe II multiplet relative to H/L
WEM is given in their Table 1, and we plot this parameter rather than EW of 
Fell against soft X-ray slope as shown in Figure 17. The inclusion of the three 
new points adds strong support to the suggestion of a correlation between the 
Fe II strength and soft X-ray slope. The significance of the correlation is high 
with x2 — 10-7 and the probability that the correlation arises by chance of 
0.11% (Cox Proportional Hazard method). A regression fit to the data yields 
Fe Il/H/?= 0.57 ax — 0.01 with an error in the slope of 0.10 (EM Algorithm).
WEM argue that the distinction between the X-ray properties of 
radio-loud and radio-quiet AGN is well-established, in the sense that the for­
mer are both more X-ray luminous and have flatter X-ray spectra. The ra- 
dio/Fe II anti-correlation may then occur as a secondary result of the primary 
X-ray/Fe II relationship. The idea that the Fe II emission is related at a more 
fundamental level to the X-ray spectrum is appealing if the production region 
is in the same deep partially ionized transition regions as the H/?(see above). 
However, the photoionization models predict a higher Fe II flux for a flatter X- 
ray spectrum (i.e. relatively more higher energy photons) rather than a steeper 
one and thus the observations present a contradiction to the theory.
We find support for the notion that the X-ray Fe II connection 
is primary compared with the radio -  Fe II connection by considering the 
radio properties of H0557—503. This Fe II strong object is an exception to 
the radio/Fe II relationship with a 1.4 GHz radio luminosity21 of \og Lr = 
25.3 W Hz-1, consistent with classification as a FanarofF-Reily class II radio
21Assuming isotropic emission.
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Fell a n d  X - r a y  S p e c t r a l  Slope
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F ig . 17.— Optical Fell and Soft X-ray Slope Correlation
The X-ray spectral index plotted against the ratio of Fe II (A4570 Ä) to H/3 for the nine 
AGN given in Wilkes, Elvis and McHardy (1987), together with H0557—503, I Zw 1 and 
NAB 0205+024 (labeled).
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source — i.e., as a radio-loud AGN. The luminosity in the 1.4 GHz to 8.4 GHz 
band is 8 x 1041 erg s-1, a value typical of radio-loud AGN22. The steepness of 
the soft X-ray spectrum, strong Fe II emission and radio loudness support the 
idea that the radio/Fe II relationship is secondary to the X-ray spectral slope 
connection23.
A further clue to the Fe II puzzle may be found in the work of 
Boroson and Oke (1984) and Boroson, Persson and Oke (1985). They link 
Fe II emission (and other properties) to the spectral properties of the host 
galaxies of a sample of high luminosity quasars. Boroson et al. classifies the 
host galaxy “fuzz” as either red with weak or absent emission lines, or blue 
with strong emission lines. The red fuzz class is found to have strong Fe II 
emission, weak forbidden lines, rather narrow permitted emission lines, and 
compact radio structure with flat radio spectra. In contrast, the blue fuzz 
class lack Fe II emission, have strong forbidden lines, very broad permitted 
lines and steep spectrum extended radio structure. Boroson et al. suggests 
that the difference may be due to geometrical orientation effects of two disks 
associated with the AGN: an accretion disk surrounding the central continuum 
source and a disk-like distribution of gas in the host galaxy. In this picture, 
the red fuzz objects could have the two disks aligned thereby shielding the 
outer parts of the galaxy from the continuum source and producing the large 
optical depths necessary for Fe II production. The blue fuzz objects could have 
misaligned disks or little or no accretion disk and allow the ionizing radiation 
to escape to the outer parts of the galaxy.
If we examine the properties of H0557—503 in the context of the 
Boroson et al. model, we find support for the picture. Taking the dominant big
22Assuming the power-law extends from 1 GHz to 100 GHz increases this value by a factor 
of 5.
23In a very recent paper, Boroson (1989, Ap. J. (Lett.), 343, L9) analyses a sample of 15 
quasars and finds no correlation between the X-ray slope and Fell emission. He considers 
the radio spectral behaviour of the sample and finds the flat-spectrum radio sources to 
have flat X-ray spectra, the radio quiet sources to have steep X-ray spectra and the steep- 
spectrum radio sources to have intermediate X-ray spectra. Since the radio-quiet and flat- 
spectrum radio groups both possess strong Fell emitters and the steep-spectrum radio source 
group possesses weak Fell objects, he argues there should be no correlation between the 
Fell emission and X-ray spectral index. However, Boroson finds it difficult to explain the 
correlation found by WEM, suggesting the makeup of the sample and measurement of Fell 
as possible reasons.
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bump as evidence for an accretion disk and therefore indicative of the red fuzz 
class, we see strong Fell emission (Fe Il/H/?=1.6), relatively narrow permitted 
lines (FWHM H/? =  1400 km s-1) and weak forbidden lines ([0 III]a s o o t / H / ?  =  
0.12). The radio spectral slope, arad = 0.5, is on the border between flat and 
steep spectrum (but is certainly not steep) and we have no spatial information 
about the radio emission (an ideal Australia Telescope project).
If the soft X-ray excess is interpreted as the hot tail of an accretion 
disk spectrum, we may expect the correlation shown in Figure 17 to reflect a 
relationship between Fe II emission and the accretion disk spectrum. In this 
context, stronger Fe II emission is observed from objects with steeper thermal 
tails and therefore hotter, perhaps more face-on disks. The correlations be­
tween Fe II and the big bump indicator shown in Table 8 suggest no correlation, 
however as discussed in §5.9 the number of objects considered is small.
The origin of Fe II emission and its relation to the X-ray spectra and 
other properties of AGN remains unresolved. X-ray observations with GING A 
will substantially increase the available spectral information and help settle 
the question of the existence of a correlation between the Fe II and spectral 
slope. The data presented here supports such a correlation.
5.9 B ig  B u m p  C o rre la tio n s
In Figure 18 we show distributions of the 2 — 10 keV X-ray and H/3 luminosities 
for the sample. The shaded histograms are those objects for which B40 > 0, 
i.e. are extreme big blue bump objects. Gaussians fitted to both distributions 
are also shown. There is a clear trend for the big bump objects to possess high 
X-ray and H/9 luminosities.
In Table 8 we list the results of correlating the blue bump indicator, 
L40, with a tx, Lh£, Lx, FWHM(H/3), EW(H/3) and Fe Il/H/9. Only those 
objects with B40 > 0 have been included in the correlation (see Table 4). The 
parameter L40 does not correlate strongly with any of the other parameters, 
although there is a very weak correlation between L40 and the FHWM of H/5. 
Given the distributions shown in Figure 18 we expect a correlation between
log Lx (erg s '1)
log L hi (erg s *)
F ig . 18.—X-ray and H/? Luminosity Distributions
The 2 — 10 keV X-ray (upper panel) and Kß (lower panel) luminosity distribution for the 
sample. The shaded histogram in each plot shows the distribution of objects with extreme 
big blue bumps (B40 > 0). Gaussian fits to the histograms are also shown.
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the big bump indicator and both the X-ray and Rß  luminosities. However, 
only 8 objects are considered in the analysis shown in Table 8 and it is not 
surprising that we do not find a strong relationship.
As can be seen clearly from the SED of H0557—503, the big blue 
bump rises steeply into the UV, producing an excess of UV photons in the big 
bump objects compared with the no-bump objects. We suggest that the pres­
ence of the UV photons from the bump has the effect of making the ionizing 
optical -  X-ray continuum softer, thereby producing a higher fractional ioniza­
tion of H and a greater Rß  luminosity. In effect, the big bump objects have an 
additional source of UV ionizing photons which are very efficient at producing 
Rß.  If we assume that all big bumps are of a similar shape, the parameter 
B40 is then a measure of the total luminosity in the bump and therefore the 
of radiation available for ionizing gas.
In the context of an accretion disk model for the big bump, an 
increased Rß  luminosity corresponding to a larger blue bump suggests we 
are seeing a more face-on accretion disk, revealing a greater area of thermally 
radiating disk and more BLR material which contributes to the Rß  luminosity. 
In this picture, a face-on disk may also provide a preferred view of the compact 
central region which produces the X-ray component, explaining the trend of 
increased X-ray luminosity with bump size. The X-rays may also directly 
increase the level of thermal emission from a disk via heating of the disk 
surface.
We conclude that the big bump objects in the sample are the most 
X-ray and Rß  luminous objects. The connections can be explained if the X- 
ray radiation is directly responsible for the big bump luminosity (e.g., through 
heating of an accretion disk), and the big bump acts as an additional source 
of ionizing radiation for the production of Rß.
5.10 D iscussion  an d  S u m m ary
In this chapter we have presented the broad-band spectrum of each of the 
sample AGN and made comparisons between a number of parameters derived
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TABLE 10
AGN Parameters and Emission Regions
Parameter Emission Component Spatial Region
Lx central engine core
Q -ix continuum radiation core
brad central engine? core?
B40 accretion disk material very close to core
Lh/3 broad-line region dense cloudlets near core
L[OIII] narrow-line region less dense clouds further from core
from the spectrum. All the parameters relate to different emission regions of 
the AGN and correlations between parameters indicate, for example, spatial 
relationships or energy transfer between the regions. Our knowledge of the 
precise nature of AGN is at a rudimentary stage and there is great value in 
identifying certain basic parameters which relate to the major emission regions, 
and searching for relationships between them. We have attempted to do this 
in the present study. In Table 10 we list certain parameters, the name of 
the emission component and the spatial regions from which the radiation is 
thought to originate. The entries are appropriate to the AGN studied here, 
and reflect the standard model for AGN.
A number of results presented here suggest that approaching the 
study of AGN in this manner is valuable. The remarkably uniform distribution 
of a tx for the sample indicates a “constant” nonthermal continuum operating 
across 6 decades of energy in all AGN. A wide range of big blue bump be­
haviour contrasts strikingly with this. The B40 parameter is a measure of 
the total bump luminosity and is found to relate strongly to both X-ray and 
H/? luminosity. In addition, the X-ray-luminosity correlates with the H/9 and 
[0 III] luminosity, but more strongly with the H/3. Finally, the radio emission 
generally seems to be a distinct component (except BL Lac objects) from the 
rest of the broad-band spectrum, and probably plays little part in the overall 
energetics of the (radio-quiet) AGN.
We summarize the major results of the chapter below:
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1. The broad-band SED of the AGN are very similar with a mean infrared 
-  X-ray spectral index, a tx = 1.03 ±  0.15.
2. The radio component of the broad-band spectrum appears to be distinct 
from the X-ray -  far-infrared power-law component. This is not the 
case for the BL Lac objects which link more smoothly from the radio to 
infrared and optical.
3. A power-law extrapolation from the infrared predicts the X-ray flux in 
80% of cases in this sample and supports a nonthermal origin for the 
infrared radiation.
4. A nonthermal origin is also supported by strong correlations between 
near and far-infrared fluxes and luminosities.
5. The distribution of near infrared colours is described well by a combina­
tion of normal galaxy plus power-law but are also consistent with a pure 
power-law for the majority of AGN.
6. All the Seyfert galaxies in our sample have IRAS colours consistent with 
quasar and BL Lac colours, suggesting a common origin for the radiation.
7. The distribution of the a ox index for the present plus Piccinotti samples 
is quite uniform, however there is a dichotomy in a ro reflecting differing 
radio properties. The radio loud AGN tend to have a ro > 0.2.
8. The near and far-infrared luminosities are found to correlate significantly 
with the X-ray luminosity supporting a single X-ray -  infrared compo­
nent interpretation of the SED.
9. A strong correlation is found between the radio and X-ray luminosity for 
the combined Piccinotti and present samples. However the correlation is 
largely due to the separation of the radio-loud and radio-quiet AGN. A 
very weak correlation remains if only the Seyfert galaxies are considered. 
No correlation is seen for the Seyfert galaxies of the present sample alone. 
The correlation in the larger sample may be due to a central compact 
radio component present in all AGN.
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10. A highly significant correlation is found between the X-ray luminosity 
and integrated Kß  luminosity and to a lesser extent the [0 III] luminosity. 
The difference in the correlations may be accounted for by a variable 
covering factor for the [0 III].
11. We find that the EW H/3 decreases with decreasing FWHM H/3 while the 
EW Fe II increases. The latter effect may be explained if the broad Hß 
lines are related to turbulence on the small scale sufficient to collisionally 
de-excite the metastable UV Fe II states responsible for the optical Fe II 
emission.
12. We add three new points to the WEM plot of X-ray spectral index vs 
Fe Il/H/3 and find support for the correlation and the notion that the 
radio -  Fe II relation may be secondary to the Fe II -  X-ray relation. The 
radio properties of H0557—503 support this view.
13. We define the parameter B40 as a measure of the big blue bump and show 
that the parameter succeeds in separating the no-bump and big-bump 
objects. We find that those objects with excessive blue bumps possess 
the highest X-ray and H/3 luminosities in the sample. The parameter 
B40 is a measure of the luminosity of the big bump which provides an 
additional source of ionizing radiation capable of producing H/?. The 
X-ray luminosity may directly produce the blue bump radiation (e.g., 
via heating of an accretion disk).
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6. T h e U ltrav io let and Soft X -ray E xcess o f 
th e  U nusual QSO H 0 5 5 7 —503
6.1 In trod u ction
In this chapter we examine the ultraviolet and soft X-ray excess of the bright 
QSO H0557—503 (PKS 0558-504, z =  0.1375, m v = 15). The QSO was 
one of the first discovered in the identification program (Remillard et al. 1986; 
hereafter Paper I) and was immediately noted as having unusual spectral prop­
erties. The QSO had very strong optical Fe II emission relative to H/?, rather 
narrow permitted Hydrogen lines and weak forbidden lines similar to the spec­
trum of I Zw 1 (see Chapter 4, Table 12). Also, the optical spectrum showed 
a very steep rise into the blue (in F\) and strong radio emission relative to its 
optical emission (the QSO was a catalogued Parkes radio source).
Motivated by the strong blue rise seen in the optical spectrum, 
IUE observations were made that showed the spectrum continued to rise into 
the blue with a spectral slope auv ~  0.5. The association of strong optical 
Fe II emission with steep X-ray spectra (Remillard et al. 1987; Wilkes, Elvis 
and McHardy 1987) prompted observations of the QSO with EXOSAT. The 
resulting 0.2 — 7 keV spectrum was indeed steep and constrained to have a 
spectral index ax = 1.3lt{j;J| (Remillard, Schwartz and Bradt, 1986; Remil­
lard, Schwartz and Brissenden 1988), lending support to the Fell/steep X-ray 
spectra relationship.
With the inclusion of the IUE and EXOSAT spectra, the broad­
band spectrum of H0557—503 becomes the most complete of any object in the 
sample and ideal for detailed study. The most striking feature of the spectrum 
is the ultraviolet-soft X-ray excess over the far-infrared-hard X-ray power-law 
(Chapter 5, Figure 1) and the suggestion that the feature continues smoothly 
from the UV to at least 5 keV as one “big blue bump”.
As briefly described in Chapter 3, the big blue bump was initially 
recognized as a distinct component to the infrared and hard X-ray energy
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distribution (Shields 1978; Neugebauer et al. 1979) and modelled first as a 
single temperature blackbody spectrum and then as thermal emission from 
simple accretion disks (Malkan and Sargent 1982; Malkan 1983). The simple 
accretion disk models assumed a geometrically thin, optically thick disk which 
led to the assumption that every surface element radiated as a blackbody (for 
a review, see Pringle 1981). The models were used to constrain the black hole 
mass and accretion rate but were applied to AGN which had either poorly 
constrained or no X-ray data. As a result, the big blue bump was modelled 
as returning to the underlying power-law well before the X-ray (at log v ~  16) 
with characteristic maximum temperatures Tmax ~  25,000 K.
Recent X-ray results suggest that a steep soft X-ray spectrum may 
be common amongst AGN (Pravdo and Marshall 1984; Elvis, Wilkes and 
Tananbaum 1985; Singh, Garmire and Nousek 1985; Arnaud et al. 1985; 
Pounds et al. 1987). A natural interpretation is that the UV and X-ray ex­
cesses have the same thermal origin and are connected. The X-ray excess then 
forms the hot tail of a very luminous distribution with Tmax ~  106 K. The 
QSO PG 1211+143 has been modelled by Bechtold et al. (1987) and found to 
require super Eddington luminosities (~  20 I^ Edd) account for the data in 
terms of the simple accretion disk model. In the model, the high temperatures 
needed to match the X-ray data can only be produced with high accretion 
rates (> 10 M0 yr_1) and low black hole masses (~  107 M0 ). Under such 
conditions the model is inconsistent since the disk becomes puffed up, possibly 
into a thick radiation supported torus, and the geometrically thin disk approx­
imation is no longer valid. Also, at high temperatures the assumption that the 
surface radiates as a blackbody must fail since the disk becomes optically thin 
and the high energy photons escape unimpeded.
The simple accretion disk model was improved by Czerny and 
Elvis (1987; hereafter CE) to take into account the effects of both opacity 
and inclination or viewing angle. They argue that the high-energy part of 
the spectrum cannot be approximated as a sum of blackbodies because of 
the contribution to opacity by electron scattering. The spectrum is modified 
by both elastic scattering and Comptonization effects, each affecting different 
spectral regions. For a canonical black hole mass of 10s M0 and accretion 
rate 10 M0 yr“1, CE calculated that spectral modification due to elastic scat-
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tering and Comptonization effects became important at Tes =  25,000 K and 
Tc =  1.4 x 105 K respectively. These temperatures correspond to log ues = 15.5 
and log vc = 16.1 (Hz) thus indicating that opacity effects are important for 
objects displaying a soft X-ray excess. CE modelled the big blue bump of 
PG 1211+143 and found that an accretion rate corresponding to only twice 
the Eddington limit was required to fit the data, a great improvement over the 
Bechtold et al. result obtained using the simple model (although still super­
critical).
A further refinement was the incorporation of a hot, optically thin 
corona surrounding the disk (see also Bechtold et al. 1987) which produced 
a less steep fall-off in the hard tail of the distribution. Such a corona with 
temperatures of ~  80 keV and r  ~  0.05, would modify the spectrum as a 
result of multiple scatterings and also reflect the distribution of electrons in 
the gas (e.g., Maxwellian). In addition, the CE model predicts a flattening 
of the spectrum at log v ~  15.2 for cases where L/Lsdci > 0.1 and this would 
explain the flattening as due to the onset of electron scattering.
Madau (1988) has developed a thick accretion disk model to at­
tempt to resolve the difficulties placed on the simple accretion disk models by 
steep soft X-ray spectra. Madau argues that the natural consequence of super­
critical Eddington accretion rates, are thick radiation-supported tori which 
have the property that most of their luminosity is emitted from the surface 
of a funnel surrounding the rotation axis. The advantage of such tori over 
thin disks is that in the funnel region, pressure gradients are balanced by cen­
trifugal force rather than by gravity and they therefore permit radiation at 
super-critical Eddington levels. Enhanced surface brightness results from mul­
tiple scatterings of photons off the funnel walls and a strong dependence on 
the inclination (viewing) angle is found for the total luminosity and spectral 
shape. Madau suggests that tori viewed pole-on correspond to those AGN 
with bumps extending to the X-ray whilst edge on viewing angles explain the 
bumps appearing only in the optical-UV spectral regions.
Given the extreme nature of the big blue bump feature in 
H0557—503, we are motivated to examine the spectrum in the context of the 
above models and determine possible constraints on the mass, accretion rate
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and other physical properties. We are also interested in the relationship be­
tween the strong optical Fe II emission, steep X-ray spectrum and radio emis­
sion and note that the absorption of ionizing photons from the central engine 
by a thick toroidal structure has been invoked to explain strong Fe II emission 
in radio quiet AGN (Boroson, Oke and Persson 1985), as discussed in §5.8.
6.2 X -ray O bservations
H0557—503 was observed with the low energy (LE) and medium energy (ME) 
detectors of EXOSAT  on 17-18 October 1984 in the 0.2 — 7.0 keV energy 
band. Analysis of the spectrum showed a spectral index ax = 1.3llo;J| t° 
90% confidence, a neutral hydrogen column density Nh = 4.3 x lO20 cm-2 con­
sistent with the expectations for absorption in our Galaxy, and a reduced 
X2 = 0.94 (Remillard, Schwartz and Brissenden 1988). We may compare the 
integrated 2 — 10 keV flux of 3.1 ±  0.2 x 10-11 erg cm-2 s-1 with the value of 
3.0 ±  1.5 x 10-11 erg cm-2 s-1 obtained from the HEAO-1 LASS measurement 
taken in the latter part of 1977. Both values are consistent within the uncer­
tainties and we conclude that no variability has occurred over that timescale.
The correction for X-ray absorption within the Galaxy was obtained 
from Figure 1 of Morrison and McCammon (1983). From the Figure, the net 
photoelectric absorption cross section per hydrogen atom (cr) may be tabulated 
as a function of energy. The correction factor may then be calculated from:
g - < 7  NH
where we use the value of Nh given above. We note that the value of E(B — V) 
calculated using this value of Nh and the gas-to-dust ratio of Savage and 
Mathis (1979) is 0.074, 1.7 times smaller than E(B — V) = 0.125 calculated 
from the galactic latitude (6 = —28.57) using the model of Schmidt (1968). 
The correction factors derived for the LE point and the first 9 binned ME 
points covering the energy range 0.5 — 3 keV are: 1.38, 1.11, 1.06, 1.035, 1.024, 
1.02, 1.02, 1.02, 1.01, and 1.01 at frequencies (log v) of: 17.076, 17.383, 17.493, 
17.567, 17.631, 17.687, 17.737, 17.783, 17.824 and 17.862 respectively. Clearly
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at energies higher than 3 keV no correction for absorption is required. The 
X-ray data may now be incorporated into the overall broad-band spectrum.
The EX OS A T  spectrum does not indicate a break (or flattening) 
from the steep a x = 1.31 slope at any point within the 0.5 — 10 keV energy 
range. The existence of such a spectral break is of great im portance to the 
interpretation of the steep soft X-ray excess as due to the hard tail of a thermal 
distribution (see below). The spectrum does however, suggest th a t the UV/X- 
ray excess extends to at least 5 keV and we must wait for observations with 
GING A to determine whether a break occurs in the 5 — 20 keV region. Based 
on the X-ray observations of other AGN we would expect such a flattening of 
the spectrum  to a value close to the “canonical” value of a x = 0.7 (Pounds et 
al. 1984).
6.3 B road-band  Sp ectru m
The broad-band spectrum of H0557—503 is presented in Figure 1. The EX- 
OS A T  data  corrected for absorption together with binned IUE data, op­
tical and near-infrared photometry (all corrected for absorption assuming 
E ( B  — V) = 0.074), IRAS and radio data are plotted in both the log v — log f u 
and log v — log v /„  planes and show power-laws obtained by fitting the IRAS, 
near-infrared and hard (> 5 keV) data.
The equations for the power-laws shown in the upper and lower 
panels of Figure 1 are log vf» = 0.02(±0.02) log v — 14.31 and log =  
—0.98(±0.02) log is +  11.70 respectively with /„ in units of W m -2 and Jy 
respectively and v in Hz. Both equations were determined using a weighted 
least squares fit to the data. We note th a t an unweighted fit for the power-law 
in the upper panel gives log v f v — 0.016 log v — 14.13.
Before undertaking modelling of the UV excess of H0557—503 we 
must ensure tha t any components tha t may contam inate the bump are ac­
counted for and if necessary, removed. We consider each of the components in 
turn:
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F ig . 1.— Broad-band Spectrum of H0557—503
The broad-band spectrum of QSO H0557—503 plotted as both log /„ and log v f u against 
logv . Data from both EXOSAT  and IUE were binned, in the case of IUE so as to 
avoid spectral regions containing emission features. All data between log*/ = 14.1 (K 
band) and log^ = 17.9 (3 keV) have been corrected for galactic absorption assuming 
Nh = 4.3 X lO20 cm-2 (see text). The best fit power-laws were determined by fitting the 
IRAS, near-infrared and X-ray data at > 5 keV. Where no error bars are shown the ±1 o 
uncertainty is less than the extent of the point. Multiple data sets of optical and infrared 
photometric observations have been plotted and indicate a lack of significant variability.
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Starlight There is no evidence for contamination by the underlying host 
galaxy in either the optical spectrum or on photographic plates of 
H0557—503. We therefore make no correction for starlight.
The 3000 Ä Bump As discussed in Chapter 3, the 3000 Ä bump or little 
blue bump, has been modelled by Wills, Netzer and Wills (1985; hereafter 
WNW) as the combination of several thousand Fe II lines together with 
Balmer continuum emission (BaC). The models of WNW showed that the 
bump was made of two peaks, one due to the Fe II extending over 14.99 < 
log v < 15.12 and the other, due to Balmer continuum emission extending 
over 14.90 < log v < 15.02. We wish to estimate the contribution to the 
broad-band spectrum from the 3000 Ä bump but find that the quality of 
our optical and ultraviolet spectra is inadequate to fit the explicit models 
of WNW. The ultraviolet spectrum has insufficient signal-to-noise (much 
less than the 200:1 typical of the WNW spectra) and the absolute spectral 
shape of the optical spectrum is poorly determined in the critical 3200 A 
-  3500 A region where the two spectra are joined. We therefore choose a 
more appropriate method, following Neugebauer et al. (1987), and take 
the average of seven model curves given by WNW for the Fe II and 
BaC. The smoothed, normalized curves in the rest frame of H0557—503 
together with their sum are shown in Figure 2.
An estimate of the contribution of the Fe II and BaC to the spectrum is 
obtained by first fitting a local power-law with data from immediately 
outside the bump region. The power-law, derived from spectral points at 
~  1800 A and ~  4800 A (rest frame) has the form f \  = 1.38 x 108 A-2-03 
with A and f \  in units of Ä and 1015 erg cm-2 s_1 A - 1  respectively. The 
Fe II and BaC curves are fitted to the difference between the power- 
law and the spectrum, with adjustable amplitudes. The ultraviolet and 
optical spectra in the region of the 3000 A bump are shown together 
with the local power-law in Figure 3. A clear excess over the power-law 
is seen.
In Figure 4 we show the best model fit to the local power-law subtracted 
spectrum. The dashed line is obtained by allowing the amplitudes of the 
Fe II and Balmer continuum components to vary until a satisfactory fit is 
achieved (shown in Figure 2). The amplitudes of the components are 1.60
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Model for th e  3000 Ä Bump
Sum
2000 3000 4000 5000
log A (A)
F ig . 2 .— Components of the 3000 Ä Bump
Average model curves for Fe II and Balmer continuum emission (solid lines) together with 
their sum (dashed line). The curves were derived from seven models of WNW following 
Neugebauer et al. (1979) and have been shifted to the rest frame of the QSO.
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U ltra v io le t  E x cess  of H 0 5 5 7 -5 0 3
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F ig . 3.— Spectra in the Region of the 3000 Ä Bump
The ultraviolet and optical spectra of H0557—503 in the region of the 3000 A bump. A 
correction has been made for galactic absorption assuming E{B — V) = 0.074 (see text). 
The local power law determined from the flux densities at ~ 1800 A and ~ 4800 A is 
indicated with the dashed line and has the form f\  <x A-2-03.
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and 0.95 respectively. In the Figure, the IUE data has been binned in 
80 Ä bins to improve signal-to-noise. The only spectral feature appearing 
in the ultraviolet region of interest, Mg II, was removed before binning.
Underlying Power-law As in Chapter 5, we determine the underlying 
power-law from a weighted least squares fit to the infrared (both IRAS 
and JHK photometry) and the hard (> 5 keV) X-ray data. We therefore 
adopt the power-law fits shown in Figure 1.
Having determined some measure of the 3000 A bump we subtract 
the bump from the flux densities at the relevant frequencies in the ultraviolet 
and optical regions. We assume that all flux then lying above the infrared 
-  X-ray power-law is the big blue bump which we aim to model as thermal 
emission from an accretion disk surrounding a massive black hole.
6.4  T h e  S im p le  A c c re tio n  D isk  M o d e l
In a seminal paper, Shakura and Sunyaev (1973; hereafter SS) developed the 
theory of the classical, geometrically thin, optically thick, steady state accre­
tion disk. The theory was modified to take into account relativistic effects by 
Novikov and Thorne (1973) with additional work by Thorne (1974), Page and 
Thorne (1974) and Cunningham (1975). Reviews of accretion disk and black 
hole theory have been presented by Pringle (1981) and Rees (1984) respec­
tively.
Material in the vicinity of a compact massive object falls towards 
the center of the deep potential well under the influence of gravity. In the thin 
disk approximation, gas immediately surrounding the black hole forms a thin 
disk and thermal energy is radiated as material is pulled inward and heated 
through the action of viscosity, shock heating, turbulence etc. The amount 
of energy that can be extracted from a given particle is equal to the binding 
energy of the innermost stable orbit which depends strongly on the nature of 
the black hole model. In the case of a non-rotating or Schwarzschild black 
hole, the innermost stable orbit lies at a radius 3 Rs where the Schwarzschild
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F ig . 4 .— Fitting the 3000 A Bump
The difference between the flux density and the local power law for H0557—503 with a 
best fit model for the 3000 Ä bump (dashed line). The bump consists of contributions 
from an Fe II and a Balmer continuum component in the ratio 1.7 to 1.0. The ultraviolet 
data has been binned to increase signal-to-noise and has had all emission lines removed.
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radius is given by:
R* =
2 G M  
c 2 ( i )
where G is the Newtonian constant of gravitation, M  is the mass of the black 
hole and c is the speed of light in a vacuum. The corresponding efficiency of 
gravitational energy release, 771, is 5.7%. For a rotating or Kerr black hole, the 
innermost stable orbit may be less (~ 0.5R s) and 77 may reach a maximum of 
42%.
The mass accretion rate2, M, is the fundamental parameter deter­
mining the total luminosity (and spectrum):
L =  77 M  c2 ( 2)
which may be compared to the luminosity at which the outward radiation 
pressure balances the inward gravitational force, or Eddington Luminosity:
i i rcG M uip  27rR3m pc3
TEdd = ---------------- = --------------  (3)
& T  ( J j 1
where m p is the proton mass and <jt is the Thompson cross section. The critical 
accretion rate which will produce radiation at the Eddington limit (assuming 
isotropic accretion and radiation) is then:
Mcr = 2 .2 2  x 1 0 ~ 9
M
'n
( 4 )
where Mcr and M  have been expressed in units of M® yr-1 and M® re­
spectively. For a Schwarzschild black hole (77 = 0.057), equation 4 becomes 
Mcr =  3.9 x 10-8  M.  Thus, a 108 M® black hole radiates at the Eddington 
limit for an accretion rate of 3.9 M® yr-1  and emits a total luminosity of 
1.2 x 1046 erg s-1  which is typical of the luminosity seen in many QSOs (see 
Chapter 3, Section 1).
In the model of SS, the diskds assumed to be circular and axisym- 
metric with material rotating with circular Keplerian velocity:
v * =  hr)
^ h e  binding energy of the innermost stable orbit is given by rjmoc2, where m0 is the 
rest mass of the particle.
2Under the steady state assumption, the material accretes at a constant rate.
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Friction between layers within the disk results in the loss of angular momen­
tum and material spirals inward towards the black hole. The equations of 
radial structure for the disk may be obtained explicitly from conservation laws 
without any reference to the detailed properties of the disk material itself. 
However, the vertical structure depends strongly on these properties and the 
precise nature of the mechanism for angular momentum transport in the disk is 
unknown. The dominant processes are probably turbulent viscosity and mag­
netic stresses due to a tangled field. The uncertainly in these processes has 
been characterized by a dimensionless parameter, a, which allows a specific 
expression for the viscosity (and hence the physical properties of the disk ma­
terial) to be derived. SS note that the structure of the disk remains practically 
unchanged over the range 10~15 (AfM"1)2 < a < 1.
The energy flux radiated from the disk surface is given by:
where Wr<i> is the stress between adjacent layers in the disk and u> = v^/R  is 
the angular velocity. Using the thin disk approximation, which assumes that 
the disk is isothermal in the 2-direction (orthogonal to the disk plane) at every 
R and that the local properties of the disk are governed by the properties at 
2 = 0, equation 6 may be expressed as:
( 7)
By finally assuming that the disk is optically thick everywhere and that every 
surface element may be considered to emit as a blackbody with temperature 
T3, we find:
Q = o T t  ( 3)
where a is the Stefan-Boltzman constant, which leads to3:
1/21 1 U 4
0)
Equation 9 specifies the surface temperature of the disk at a function of radius 
for a specified mass and accretion rate. In Figure 5 we plot logTs as a function
3An additional assumption is that the kinematic viscosity is given by acsH where c, is 
the sound speed in the disk and H is the height in the z direction (Pringle 1981).
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of log R  in units of R s for different black hole masses and accretion rates. The 
solid lines give the temperature profiles for a 106 M0 black hole with accretion 
rates of 1000, 10, 0.1 and 0.001 M q  yr-1. The dashed lines are the same but 
for a 1010 M q black hole.
One important property of the model seen from Figure 5 is that 
higher disk temperatures are achieved only with lower black hole masses 
and/or higher accretion rates. Thermal X-rays are produced at temperatures of 
~  106 K so if we hope to match a soft X-ray excess with this model we will prob­
ably need black hole masses ~  106-7 M q and accretion rates ~  101-2 M0 yr-1. 
We will consider constraints on the mass and accretion rate for H0557—503 in 
the next section.
We may now determine the spectrum of the radiation emitted from 
the disk from the Planck function which describes the spectral intensity of a 
blackbody:
B„{T,) =  _  1}-i (10)
where h is the Planck constant, k is the Boltzman constant and u is the 
frequency at which the function is evaluated. The units of B„(TS) in cgs, 
are erg cm-2 s-1 Hz-1 ster-1. The spectrum of the entire disk is obtained by 
integrating B I/[TS(R)\ over the area of the disk:
r  R o u t
Su = 2tt B„[Ts(R)] 2nRdR  (11)
J3Rg
where the additional 2n occurs because we are looking at one side of the disk 
and thus half the 47r steradians of the emission sphere. In equation 11, Rout is 
the outer radius of the accretion disk.
The functional form of the accretion disk spectrum may be under­
stood by rewriting equation 11 as (Pringle 1981):
S „ « „ l/3 r  —  d* (12)Jo ex - l
where x = hu/kTs(R) and x out is the value of x at Ts(Rout), the temperature 
at the outer edge of the disk. The spectrum has the form z/1/3 just below the 
frequency corresponding to Tout, flattens at higher frequencies and turns over 
to an exponential decrease in intensity at the frequency of the temperature of 
the innermost part of the disk.
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Disk Radial T e m p e r a tu r e  Profiles
10 Mo B lack Hole
log M,
10 Mo B lack Hole
log (R/Rs)
FlG. 5.— Simple Accretion Disk Model Temperature Profile
The accretion disk surface temperature as a function of radius for a 106 Mq (solid lines) 
and lO10 Mq (dashed lines) black hole for a variety of accretion rates. Note that the curves 
for intermediate mass black holes (107, 108 and 109 Mq ) are offset by one. For example 
the corresponding set of curves for a 108 Mq black hole are the middle four curves in the 
diagram.
270
6.5 M od els  o f  H 0 5 5 7 -5 0 3
We wish to determine the constraints placed on the mass and accretion rate 
in the context of the simple this accretion disk model from the data of 
H0557—503. Following Bechtold et al. (1987) we derive four constraint equa­
tions in the log M — log M plane.
Eddington Luminosity. Assuming a non-rotating black hole (rj = 0.057) we 
rewrite equation 4 as:
log M = log M -  7.41 (13)
The equation defines the boundary between sub-Eddington and super- 
Eddington luminosity.
M inimum Accretion Rate. Assuming that the big blue bump as due the 
thermal emission from an accretion disk, we may integrate the observed 
flux to define a minimum accretion rate (again assuming rj). If we di­
vide the broad-band spectrum (Figure 1) into three power-laws: infrared 
(am = 1), optical -  ultraviolet (auv = —0.1) and X-ray (ax = 1.3) 
and denote the luminosity due to each component as Lir, L\jy and Lx 
respectively, the minimum accretion rate from equation 2 is:
Mmin =
L ir  + Luv  + L x  
T) c2
(14)
Taking the infrared power-law from 10 — 1.2 /zm, the optical -  UV com­
ponent from 1.2 /zm to 1200 A and the X-ray from 0.2 — 10 keV, 
we calculate integrated intensities of 2.5 x 10-11, 1.3 x 10-10 and 
9.2 x 10-11 erg cm-2 s-1 respectively which gives a total luminosity 
L = 2.3 x 1046 erg s”1. From equation 14 we find Mmin = 7.1 M® yr-1 
or:
log Mmin = 0.85 (15)
We note that the value of Mmtn does not depend strongly on the start 
of the infrared or the end of the X-ray power-law. The majority of the 
luminosity appears in the optical -  UV, or big bump region.
271
Constraint from the u1^ 3 Power-law. In the outer part of the disk the 
spectral distribution of the radiation follows a power-law with index 
a =  —1/3 (equation 12; SS, equation 3.11). Bechtold et al. show that 
the equation may be rewritten as:
logM + logM = 1.5 log fi/o — 0.5 logz/0 + 3 log z(l + 0.5 z) +  57.166 (16)
where f v0 is the flux at some frequency, u0l on the ull3 power-law 
corresponding to the outer part of the disk. The units of f uo are 
erg cm-2 s-1 Hz-1. Taking log f uo = —25.42 at v0 — 14.50 we obtain:
log M  +  log M  =  9.29 (17)
Peak of Disk Spectrum. The peak of the disk spectrum depends on the 
mass and accretion rate according to (Bechtold et al. 1987):
log M  — 2 log M  = 4 log z/max — 78.378 (18)
with the assumptions that there is no stress at the innermost stable orbit 
and that the gravitational potential of the black hole can be approxi­
mated by a pseudo-Newtonian potential. Here, as in the the previous 
equations, the mass and accretion rate have been expressed in units of 
Mq and Mq yr-1 respectively.
In Figure 6 the results of combining equations 13 -  18 in the log M  — 
log M  plane are presented. One striking feature of Figure 6 is the narrow range 
of allowed sub-Eddington models. If the model is to satisfy both the minimum 
accretion rate and stay below the Eddington limit, the possible range of values 
of M  and M  is very small. We consider a model radiating at the Eddington 
limit (log M  — 8.35, log M  =  0.94) as representative of these, and denote it 
model A (Figure 6). The corresponding model fit to the data is given in the 
upper panel of Figure 7 for an assumed outer disk radius of 150 Rs. Point B 
in Figure 6 represents the best fit model to all the data, with log M  = 7.50, 
logM = 1.79 and the outer radius of the disk taken as Rout = 1060R s. The 
data presented in Figure 7 are corrected for the 3000 Ä bump.
The free parameters determining the shape of the model spectrum 
are the black hole mass, accretion rate and outer radius of the disk. Changing
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C o n s t r a in t s  on  Mass a n d  A cc re t io n  Rate
log Mdot (Mo y r  ‘)
F ig . 6 .— Constraints on Mass and Accretion R ate for H0557—503
Constraints placed on the mass and accretion rate for H0557—503. The Eddington limit 
is exceeded for points lying to the right of the dashed line (equation 13). The minimum 
accretion rate is indicated by the thick solid line labelled Mdot(niin) (equation 15). Points 
lying along the thin solid line (equation 17) satisfy the observed optical -  UV luminosity. 
The three dotted lines are equation 18 for different values of log^max as indicated. The 
Points “A” and “B” denote two different models (see text).
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Model A
Model B
log v (Hz)
F ig . 7 .— Two Model Fits for the UV Excess of H0557—503
Two model fits (dashed line) indicating different interpretations of the broad-band spec­
trum of H0557—503. The parameters for model A are: black hole mass 2.2 X 10s M q 
(logM  = 8.35), accretion rate 8.7 M@ yr-1 (logM  = 0.94) and outer disk radius 150 R s 
(~  2 light days). For model B the same parameters are: 3.2 X 107 M q  (logM  = 7.50), 
62 M© yr-1 (logM  = 1.79) and 1060 R s (~  2 light days). The model fits are the sum of 
the accretion disk spectrum and power-law: v a  z/0,02.
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the black hole mass and accretion rate subject to the constraint of equation 17, 
causes the peak of the spectral distribution to move to higher or lower frequen­
cies according to equation 18. Altering the outer radius of the disk has little 
or no effect on where the distribution turns over into the hard tail, but rather 
on the slope of the low frequency vV3 component.
Model A is similar of the types of curves generated by Malkan and 
Sargent (1982) and Malkan (1983), to explain the big bump excess seen in the 
UV spectra of some QSOs. There was no data available to suggest that the 
bump continued to the X-ray regime where much hotter temperatures would 
be needed to obtain a fit, and hence no such models were considered. The 
X-ray data for PG 1211+143 does suggest a link between the UV and X-ray 
excesses but is not strongly constrained due to the large uncertainty of the 
Einstein IPC spectrum. The X-ray data for H0557—503 however, represents 
the most compelling evidence for a single, connected excess seen in any AGN, 
and we consider the type Model B interpretation as the more likely.
The disk luminosity implied by Model B is 2 x 104' erg s-1 (equa­
tion 2) or 50 times the Eddington luminosity (equation 3) and we find, as 
Bechtold et al. did for PG 1211+143, that the model predictions are highly 
super-Eddington. The requirement that the luminosity calculated in this way 
be lower than the Eddington limit is not particularly rigid since geometries for 
which super-Eddington luminosities are permitted are possible — for example, 
the accreting material may be constrained to flow in the plane of the disk while 
the radiation is emitted isotropically. The major problem with the thin disk 
model is that the high accretion rate (~ 60 M@ yr_1 for H0557—503) results 
in a puffed up disk and causes the thin disk approximation to fail. In addition, 
at the high temperatures needed to produce X-rays the optically thick approx­
imation fails and opacity effects become important. The CE model addresses 
the latter problem.
An interesting feature of the spectrum of H0557—503 is the ap­
parent flattening at \ogv — 15.1 and the suggestion that the spectrum then 
steepens again. A similar flattening is predicted by the CE model for high 
values of the accretion rate and is due to the onset of electron scattering (see 
CE, Figure 4). The same feature is also obtained by varying the viscosity 
parameter a, the flattening appearing for high values (a ~  1; CE, Figure 3).
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The high energy part of the disk spectrum in the CE model is 
strongly dependent on the inclination angle of the disk. X-rays must be pro­
duced in the inner (hotter) regions of the disk and so will only be observed 
in the case of low inclination angles, i.e., when the disk is viewed face-on. In 
this context, the X-ray excess of H0557—503 must constrain the inclination 
angle of any model to be cosz ~  1. A second characteristic of the high energy 
X-ray tails of the bump distribution of H0557—503 and PG 1211+143, is the 
steep fall back to the underlying power-law4. Bare accretion disk models are 
unable to describe the spectrum in this region, however, the inclusion of a hot, 
optically thin corona (Bechtold et al. 1987; CE) cooled by inverse Compton 
scattering, produces a flattening and broadening of the spectrum that better 
represents the data.
We suggest that the modified simple accretion disk model may ex­
plain the major features of the big bump of H0557—503. The extent of the 
X-ray excess, however, would still require highly super-Eddington luminosities 
and high accretion rates. Figure 4 of CE, shows model spectra for a face-on disk 
with M q + M  = 9.0 for a variety of accretion rates. Given that M® + M  = 9.3
r
for H0557—503, we may use the diagram to estimate the approximate accre­
tion rate and black hole mass. The big bump of H0557—503 returns to the 
underlying power-law at a higher energy than the highest accretion rate curve 
given in CE, Figure 4 and we conclude that the model would require an accre­
tion rate of at least 100 M® yr“1 to match the X-ray data. The X-ray excess 
is seen to return to the power-law at ~  5 keV and may be found to extend to 
even higher energies with better X-ray data. Observations with GING A are 
vital in this respect because they will extend from 5 to 20 keV allowing an 
accurate determination of the spectral shape.
We finally make a brief note about the presence or absence of the 
big bump in the broad-band spectra of the other AGN with IUE observations5 
in this sample. Upon examination of Figure 3, Chapter 5, we find a range of big
4It is interesting to compare the X-ray spectra of these two AGN. The soft spectra of 
PG 1211 +  143 is very steep with a x ~  2.2 in the IPC band and making a transition to the 
“canonical” a x =  0.7 at 2 keV (Bechtold et  al. 1987). H0557—503 possesses a flatter soft 
X-ray spectrum ( a x =  1.3) but is not constrained to make the transition to the canonical 
spectral slope up to energies of 5 keV and therefore seems to be a more extreme example of 
the big blue bump phenomenon.
5H0122—281, H0523—118, H1142-143, H1836-786, H1934-063 and H2107-097.
276
bump behaviour. H0557—503 is clearly an extreme case, with the other AGN 
with B40 > 0 also having a pronounced excesses. H0523—118 shows some 
evidence of an excess over the underlying power-law and is an example of an 
intermediate case. The spectra of H1836—786, H1934—063 and H2107—097 
show no excess over the power-law and are examples of “no bump” AGN, as 
disucced in §5.3. X-ray observations of these AGN are needed to undertake 
a systematic study of the big bump properties and determine if the range in 
bump properties can be explained in terms of inclination angle effects alone 
or whether some AGN lack accretion disk structures altogether. Analysis of 
Einstein IPC spectra and observations with GING A will permit such studies 
(such at that of McDowell et al. 1988).
6.6 C o n c lu s io n s
The AGN H0557—503 possesses a steep ultraviolet and soft X-ray excess 
strongly suggestive of a single continuous big blue bump over the underly­
ing u~l infrared -  hard X-ray power-law. Simple optically thick, geometri­
cally thin, classical steady state accretion disk models require highly super- 
Eddington luminosities corresponding to very low central black hole masses 
107 M q ) and high accretion rates (~  100 M® yr-1) to fit the excess. We 
suggest that even the modified simple accretion disk model of Czerny and 
Elvis (1987) with the most favourable inclination angle (face-on) requires very 
high accretion rates and thus super-Eddington luminosities to accommodate 
the high energy (~  5 keV) tail of the distribution. The energy at which the 
ax = 1.3 soft X-ray power-law flattens to join the underlying v~l power-law is 
not determined by the EX OS AT  data but is constrained to be at least 5 keV. 
Further X-ray observations with GINGA in the energy range 5 — 20 keV will 
determine the position of the break and if X-ray photons attributable to the 
big bump are found at energies > 5 keV, will pose serious challenges to existing 
accretion disk models. Such observations are scheduled for September 1989.
Further observations of H0557—503 will provide accretion disk mod­
els for the big blue bump with strong challenges. Full understanding of the 
feature must wait until satellite based missions such as EUVE probe the regions 
between the spectral reaches of IUE and EX OS AT.
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7. H 1722+119: A H igh ly  P o la rized
X -ray  S elected  BL L ace rtae  O b jec t
Sections 7.1 -  7.6 of this chapter are a paper accepted by the Astro- 
physical Journal1. The chapter details the discovery, multiwavelength obser­
vations and analysis of the BL Lacertae object H1722+119 and is the second 
of the two objects studied in detail in this thesis.
7.1 A b s tra c t
We report the discovery of a 15th magnitude X-ray selected BL Lacertae object 
as part of a program to identify X-ray sources observed by the Scanning Mod­
ulation Collimator experiment during the HEAO-1 all-sky survey. The BL Lac 
object, H1722-f 119, is a strong and persistent X-ray source originally discov­
ered by Uhuru and located by the HRI instrument on the Einstein Observatory. 
The Einstein HRI and MPC observations indicate a steep X-ray spectrum with 
a power-law energy index near 1.3. The optical spectrum shows no obvious 
emission or absorption features, and the U — B  and B — V  indices are typical 
of BL Lac objects. There is no evidence of a host galaxy in CCD images with 
broad-band R and I filters, implying that the X-ray and optical luminosities 
are both greater than 1045 erg s_1. Radio measurements indicate a variable, 
compact source with a power-law energy index (1.4 to 4.9 GHz) of a = 0.04. 
Broad-band spectral indices from radio to UV, and UV to X-ray are consistent 
with other X-ray selected blazars, both being flatter than for radio selected ob­
jects. We have difficulty connecting the optical, UV, and X-ray flux densities 
with a single power-law, but this assessment is hampered by uncertainties due 
to source variability and the precise correction for interstellar absorption and 
reddening. The optical-infrared polarization of H1722+119 reaches a maxi­
mum of 17%, which is much higher than other X-ray selected BL Lac objects. 
The degree of polarization is found to be wavelength dependent, decreasing 
in a smooth and monotonic way towards the infrared. We find no significant 
variation in position angle with wavelength.
deceived 1989 January 30, revised 1989 August 20.
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7.2 In tro d u ctio n
BL Lacertae objects are a class of active galactic nuclei (AGN) well known for 
their X-ray emission (Schwartz et al. 1979; Schwartz and Ku 1983). They are 
classified by their featureless optical spectra, strong linear optical and radio 
polarization, compact radio emission and variability at all wavelengths (Angel 
and Stockman 1980; Urry et al. 1986). The spectrum of BL Lac objects is 
generally smooth and continuous from radio to X-ray frequencies. The syn­
chrotron mechanism has been used extensively to account for both the power- 
law spectral shape (over limited frequency ranges) and the polarization of the 
radiation. The two-component X-ray spectra seen in a few BL Lac objects 
(steep at low energy and flat at high energy) has been explained with the 
synchrotron self-Compton (SSC) model (Urry et al. 1986), whereas Madejski 
(1985; also Madejski and Schwartz 1988) interpret Einstein IPC spectra (0.5 to 
4.5 keV) as an extension of the optical synchrotron emission for many objects. 
Relativistic beaming and synchrotron emission have been used to account for 
the short time-scale variations seen in some BL Lac objects (most dramatically 
a 30 second variation in H0323+022; Doxsey et al. 1983, Feigelson et al. 1986) 
as well as the high degree and variability of polarization (Moore and Stockman 
1981, 1984, Blandford and Rees 1974). Wavelength dependence of polariza­
tion has been observed in some cases, with polarization in general decreasing 
towards the infrared (Bailey et al. 1983; Sitko et al. 1985; Brindle et al. 1986). 
However, wavelength dependence of position angle is much rarer.
Surprisingly few BL Lac objects have been discovered through X- 
ray surveys, the majority being radio selected (Maccacaro et al. 1984; Stocke 
et al. 1985, Giommi et al. 1988). The properties of X-ray selected BL Lac 
objects (XSBL) have been shown to differ from those blazars (BL Lac objects, 
highly polarized quasars [HPQ] and optically violently variable [OVV] quasars) 
selected in other ways. Studies of the known XSBL suggest that they are less 
polarized, exhibit less violent optical variability, and that they have a well de­
fined, distinct range of broad-band spectral indices compared to radio selected 
BL Lac objects (RSBL) (Stocke et al. 1985; Ledden and O’Dell 1985). Also, 
the comparison of X-ray, optical, and radio luminosity distributions (Maraschi 
et al. 1986) shows that XSBL and RSBL have the same X-ray luminosities but
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that XRSB have lower optical and radio luminosities, leading to the conclu­
sion that XSBL are radio weak rather than X-ray strong. Maraschi et al. also 
suggest that since there is no a priori reason why strong radio emitters should 
not have been selected through their X-ray emission, and all XSBL have weak 
radio emission, they must dominate the blazar population in space density. 
In this picture the X-ray emission is isotropic, and RSBL are then only those 
BL Lac objects whose beamed radio emission is aligned with our direction. 
They are detected preferentially only because the radio emission is enhanced 
by relativistic beaming.
In this paper we report the seventh X-ray discovered BL Lac object 
detected in the all-sky survey by the experiments of the first High Energy 
Astronomy Observatory (HEAO-1) (Mushotzky et al. 1978, Schwartz et al. 
1979; Ulmer et al. 1983; Feigelson et al. 1986; Remillard et al. 1989). The 
object was identified during a program to locate optical counterparts of X- 
ray sources detected by the HEAO-1 Modulation Collimator (MC) experiment 
(Gursky et al. 1978; Remillard et al. 1986).
7.3 X-ray O bservations and Identification
The X-ray source was detected in both the Uhuru survey (Forman et al. 1978) 
and HEAO-1 Large Area Sky Survey (LASS; Wood et al. 1984). 4U1722+11 
was listed with a flux (2-10 keV) of 4 x 10“11 erg cm-2 s-1, averaging all scans 
across the source position. The flux of 1H1720-+-117, using the LASS counting 
rate and the conversion for BL Lac spectra given by Remillard et al. (1989), 
is 1.7 x 10~n  erg cm-2 s-1 in the same band. An investigation of archival 
data from the Einstein Observatory revealed a 2500 sec pointing by the High 
Resolution Imager (HRI) at the center of the Uhuru error box during 1979 
February 23. A strong, unresolved X-ray source was detected with a position 
accurate to approximately 5 arcsec. Subsequent optical and radio observations 
led to the discovery of a BL Lac object at the HRI position as will be shown in 
sections 7.4 and 7.5. A previous, independent search of the HRI position led 
R. Griffiths and collaborators to the identification of the same object, leading 
to its inclusion in studies such as the near infrared measurements of BL Lac
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objects by Allen, Ward, and Hyland (1982) and the IUE observations discussed 
in Section 7.5.3.
To further demonstrate that the source observed with the HRI 
(0.3 — 3.5 keV sensitivity) is the correct identification of the LASS detec­
tion (1 — 20 keV sensitivity), we show that the HRI position is also consistent 
with one of the error “diamonds” produced by the HEAO-1 MC experiment. 
All of the scanning observations by the MC within ±3.0 degrees of the HRI 
position were superposed and fit for an unresolved X-ray source. There were 
three scanning sequences, and each occurred during an interval of 8 days (1977 
September 8 — 16, 1978 March 6 — 14, and 1978 September 8 — 16). The sum 
of all the MC observations produced the most significant detection, indicat­
ing persistent X-ray emission. With the 30 arcsec collimator, MCI, the X-ray 
source has a statistical significance of 4.8 <r (units of standard deviations in 
the X-ray background) in the energy range of 1 — 13 keV. In the 2 arcmin 
collimator, MC2, the detection is 2.4 s, and energy range is confined to the 
lowest PHA channel, corresponding to a range of 1 — 3 keV. The intersection 
of the positional bands derived from the MCI and MC2 detections produces 
the set of error diamonds shown in Figure 1. The BL Lac object lies at the 
edge of one of these allowed positions, and it is within the Uhuru error box 
and very near to the LASS error box.
The MC detection is suggestive of a “soft” X-ray source, but a far 
better representation of the X-ray spectrum can be gained by combining the 
HRI detection with the simultaneous observation by the non-imaging Einstein 
Monitor Proportional Counter (MPC), which also detected a strong X-ray 
source within its 1° x 1° field of view and 2 — 10 keV range of sensitivity. The 
Einstein HRI corrected counting rate is 0.251 ±0.012 s“1, while the MPC rate 
is 1.22 ±  0.15 s“1. A spectral fit with the MPC alone gives a power-law energy 
index, a, (Fu oc u~a) of 1.7 ±  0.7 with insignificant absorption column density 
(i.e. Nh < 1022 cm“2). The 21 cm radio measurements of neutral gas in the 
Galaxy in the direction of the X-ray source implies Nh =  8.56 x 1020 cm“2 
(Stark et al. 1988). If we fix the column density to that value, the HRI count 
rate then determines a =  1.3. Thus, the simplest model (viz. a single power- 
law X-ray spectrum modified by galactic absorption) results in a steep X-ray 
spectrum that is typical of BL Lac objects. The integrated flux is extrapolated
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F ig . 1 .— X-ray Detections of H1722+119
X-ray detections of H1722+119 showing the multiple positions ( “diamonds”) of the HEAO- 
A3 experiment and the error boxes of HEA0-A1 ( “1H”) and Uhuru (“4U” ). The position 
of the BL Lac object is marked by a cross and is coincident, at this scale, with the point 
source detected by the HRI instrument of the Einstein Observatory.
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to be 1.6 x 10-11 erg cm-2 s-1 in the 2 — 10 keV band. All of the X-ray flux 
measurements are compiled in Table 1, together with other basic information, 
including the optical celestial position, radio position, radio flux, and various 
broad-band spectral indices. Table 2 contains the optical polarimetry and 
photometry.
7.4 O p tica l S p e c tru m  a n d  P o la r im e try
7.4.1 Spectral O bservations
The optical counterpart was selected on the basis of its UV excess and its 
position with respect to the HRI error circle and the X-ray survey error boxes. 
The UV discrimination was gained from a double-exposed photographic plate 
made with U and B filters, using the Burrell Schmidt telescope at Kitt Peak 
National Observatory (Remillard et al. 1986). There are no other UV objects or 
bright stars that are viable candidates for the optical identification of this LASS 
X-ray source. A 1500 second optical spectrum (4000 Ä -  7500 A) was taken 
with the 1.3 m McGraw Hill telescope using the Mark II Reticon Scanner on 
1986 June 1. The featureless and “flat” appearance of the spectrum prompted 
further observations leading to the classification as a BL Lac type object. 
In the catalog of identified, hard X-ray sources detected with HEAO-1, this 
object will be designated H1722+119. A finding chart for H1722+119 is given 
in Figure 2 and its celestial coordinates are given in Table 1.
We observed H1722T119 on 1988 February 22 with the 3.9 m Anglo- 
Australian telescope (AAT). A wavelength coverage of 3400 A — 10000 A was 
achieved with simultaneous measurements by the Royal Greenwich Observa­
tory Image Photon Counting System (RGO/IPCS) spectrograph and the Faint 
Object Red Spectrograph (FORS) using a dichroic filter which split the beam 
at 5500 A. The spectral resolution is 3 A and 20 A for the IPCS and FORS 
respectively. Several flux standards were observed during the night to allow 
flux calibration of the data and smooth spectrum standards were observed 
to remove the atmospheric absorption features. The combined IPCS/FORS 
spectrum is shown in Figure 3. The spectrum is smooth and shows no obvious
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TABLE 1
H 1722+119 P roperties
X -ray  Su rvey  N am es
Uhuru 4U1722+11
HEAO-1 LASS 1H1720+117
C oord in ates (1950) 
Measured Optical Position
VLA Radio position
a  =  17h 22m44?5 ±0.1 
6 =  +11° 54' 52" ±1 
a  =  17h 22m44*39 ±0.02 
6 =  ±11° 54' 52" ±1
2-10 keV  X -ray F lu x  (erg cm 2 s-1 )
U huru 4.0 x 10-11
HEAO-1 LASS 1.7 x lO“ 11
Einstein MPC 1.6 x 10-11
R adio  F lu x  (m Jy)
1985 Septem ber 30 VLA 1.4 GHz 63.7 ±  1
1987 February 19 FST 1.4 GHz 78.0 ±  8
1987 March 16 Parkes 8.4 GHz 108.0 ±  5
1988 April 7 Parkes 8.4 GHz 143.0 ±  7
1988 May 7 VLA 1.4 GHz 99.7 ±  0.1
1988 May 7 VLA 4.9 GHz 94.7 ±  0.1
B road -ban d  S p ectra l In d ices3
O ptical/X -ray Index ßox 
Extrapolated a ox 
R adio/O ptical Index ßT0 
Extrapolated a T0
co rrected 3
1.22
1.02
0.15
0.29
u n corrected
1.13
0.84
0.20
0.37
3 The index box connects the flux densities between 4000 Ä and 2 keV, a ox 
connects 2500 Ä and 2 keV, ßTO connects 20 cm and 4000 A, and a ro connects 
6 cm and 2500 Ä. The second colum includes a correction for optical extinction. 
The correction factor is 2.0 at 4000 A and 3.0 at 2500 A, estimated from the 
column density of neutral H as described in Section 7.6.
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F ig . 2.—Finding Chart
Finding chart for H1722+119 reproduced from the Palomar Observatory Sky Survey E 
print. The chart dimensions are approximately 15 arcmin x 15 arcmin, with north to 
the top and east to the left. The coordinates (1950.0) measured by the VLA are a  =  
17h22m44?39 ±0.02, 6 =  +11° 54m52" ±1.
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TABLE 2
H1722 + 119: OPTICAL POLARIMETRY AND PHOTOMETRY
Filter p(%)
(1987 Feb 26)
Colour Magnitude 
(1987 May 21-25)
Magnitude 
(1988 Jun 1)
B 17.6 ±1.0 64.3 ± 1.4 U - B -0.50 ±0.04 —
V 17.4 ±  1.3 61.2 ±2.1 B - V 0.52 ±  0.03 0.48 ±  0.04
R 15.7 ±  1.0 63.1 ±1.7 V 15.77 ±0.01 14.95 ±0.02
I 14.5 ±1.5 61.8 ±2.7 V -  R 0.45 ±0.01 —
J 11.9 ±1.1 67.4 ±2.1 V - I 0.97 ±0.02 0.91 ±0.04
H 11.7 ±  1.5 66.5 ±2.6 J 13.76 ±0.05 —
J - H 0.76 ±0.08 —
H - K 0.75 ±0.07 —
absorption or emission features. A power-law (f* oc A e) with index e ~  0.1 
gives an excellent fit to the optical continuum.
7 .4 .2  P o la r iza tio n  M e a su rem en ts
Linear polarization data were taken on 1987 February 26 with the AAT using 
the three channel Hatfield Polarimeter (Bailey and Hough 1982). Measure­
ments were taken in the B, V, R, I, J, and H bands through a 6 arcsecond 
aperture. The errors were derived from the statistics of many short integra­
tions, and the calibration against both the polarization standard HD 147084 
and an internal calibrator were used to fix the position angle. Polarization and 
position angle data are presented in Table 2.
The variation of polarization (P) and position angle (0) with fre­
quency is shown in Figure 4.
A x 2 test indicates that the probability that the polarization is 
actually constant with frequency is less than 2.5 x 10~4. The position angle 
is consistent with a mean of 64.0 ±  0.8 degrees at all wavelengths. Following 
Brindle et al. (1986), we calculate a weighted least squares regression fit for
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Fig . 3.—Optical Spectrum
AAT spectrum of H1722+119 obtained on 1988 February 22 showing the combined 
RGO/IPCS (3400 Ä < A < 5500 Ä) and FORS (5500 A < A < 10000 A) data. Residual 
features resulting from sky subtraction are marked (E). No other obvious absorption or 
emission features are evident.
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H1722+119 Position Angle
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FlG. 4 .— Polarization D ata
The polarization level (P) and position angle (0) variation with frequency for H1722+119 
in the bands B, V, R, I, J, and H. A clear wavelength dependence of P, but not 9 is evident.
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both P and q. We find dP/dX = —5.84 ±  0.71 and d&/dX = 3.3 ±
2.0 degrees (/im )'1, indicating a clear wavelength dependence of polarization 
and none (at the 3 cr level) for position angle. In their polarization study 
of blazars, Brindle et al. found wavelength dependence (> 3 cr) in 10 out of 
28 objects of which 5 displayed “strong” (> 3.7 cr) wavelength dependence. 
These five were amongst the most luminous of the sample and had a mean 
dP/dX = —5.7 ±  1.2 % (error is the standard deviation of the mean)
which is similar to the value obtained for H1722+119.
The featureless optical spectrum, compact radio emission (see next 
section), and strong optical-infrared linear polarization are compelling evi­
dence in favour of the classification of H I722+119 as a BL Lac object. The 
association of this bright BL Lac object with the HRI source is unequivocal. 
We can also estimate the probability of accidentally identifying the BL Lac 
object with the particular LASS source as < 4 x 10-4 by considering that the 
surface density of BL Lac objects up to 10 times weaker than H1722+119 is 
< 10-2 deg-2 (Maccacaro et al. 1984), and that the total area subtended by 4 
rows of 9 diamonds (cf. Figure 1) is 150 arcmin2.
7.5 T h e  M u lti-w av eb an d  S p e c tru m
7.5.1 Radio O bservations
A 2 minute “snapshot” measurement at 1.4 GHz was made of H I722+119 
with the VLA in the C configuration on 1985 September 30, as part of a 
radio survey seeking to identify HEAO-1 sources. The observations revealed 
a compact radio source with a flux of 63.7 ±1.0  mJy at a position coincident 
with the optical position (i.e. within 1 arcsecond) . The source was unresolved 
by the 12" x 15" synthesized beam. The flux at 8.4 GHz (3.6 cm) was measured 
with the Parkes 64 m telescope during 1987 March 16 — 17 and found to be 
108 ±  5 mJy. At 8.4 GHz the half power beam width of the telescope is 2.7 
arcminutes. The flux measured during a second observation at 8.4 GHz with 
Parkes on 1988 April 7 was 143 ±  7 mJy. Additional VLA measurements 
at 1.4 GHz and 4.9 GHz were made on 1988 May 7, also with the C array,
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and fluxes of 99.7 ±  0.1 mJy and 94.7 ±  0.1 mJy at 1.4 GHz and 4.9 GHz 
respectively were observed. A further measurement at 1.4 GHz was made with 
the Fleurs Synthesis Telescope (Bunton et al. 1985; Jones et al. 1984) during 
1987 February 19. The source was unresolved by the 20" x 30" synthesized 
beam with a flux of 78 ±  8 mJy. The radio data are included in Table 1 and 
indicate a steady increase in radio flux between 1985 and 1988.
The only radio observations having different frequencies that were 
measured simultaneously (1.4 and 4.9 GHz) are the VLA data of 1988 May 7. 
However, each Parkes measurement at 8.4 GHz was taken within one month 
of measurements at other frequencies. If we combine the radio measurements 
obtained within any one month period, we find that the spectral index remains 
constant while the radio continuum brightens. The spectral index a (defined 
in Section 7.3) between 1.4 GHz and 8.4 GHz measured in 1987 is a = —0.18± 
0.11 and in 1988 is a = —0.20±0.05. The 8.4 GHz flux increased by a factor of 
1.8 during that period. We note however, that the April 1988 measurement at
8.4 GHz does not lie on a smooth power-law extrapolation of the simultaneous
1.4 GHz -  4.9 GHz VLA data from 7 May 1988, (a = 0.04 ±  0.01), which 
suggests that the radio spectrum may be more complex than a single power- 
law component.
7.5.2 P h otom etry
Near simultaneous optical (UBVRI) and infrared (JHK) photometry of 
H1720+117 were obtained using the ANU 2.3 m telescope during 1987 May 
21—25. All observations were made through a 10 arcsecond circular aperture 
in clear moonless conditions with seeing less than 3 arcseconds.
JHK measurements were made,on four nights (1987 May 21-24) us­
ing the Infrared Photometer System (IRPS) with a chopping secondary. Stan­
dard stars were observed (McGregor 1987) and a standard reduction technique 
used to obtain colours on the MSO system (Jones and Hyland 1982, Elias et al. 
1983). The four independent sets of photometry agreed to within 1 a error lim­
its from night to night and we conclude that no significant variation occurred 
in these bands during the four days. We may then combine the observations to
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form mean colours using a weighted average. Errors are determined from the 
weighted standard deviation of the means. The infrared data are presented in 
Table 2.
UBVRI measurements were taken on 1987 May 25 using the Two 
Channel Chopper photometer with a 10 arcsec aperture. Photometric stan­
dards of Graham (1982) and Landolt (1983) were observed, and a standard 
reduction technique was used. The optical photometry is included in Table 2.
Additional imaging photometric observations were obtained with 
the MASCOT CCD instrument (Ricker et al. 1981). The images in the V , R 
and I  bands show no indication of the host galaxy, with an estimated limit 
V > 18.5 for a typical galaxy having a late-type stellar spectrum and a spatial 
extent > 4 arcsec. Since virtually all of the AGN with known redshifts < 0.08 
show clear evidence of their host galaxies in high-resolution images, the lack 
of extended emission in the optical image of H1722-f-119 implies a distance of 
z > 0.1, with optical and X-ray luminosities each > 1045 erg s-1. Furthermore, 
if the host galaxy of H1722+119 is similar to the giant ellipticals (Mv < —21.5) 
associated with several other X-ray-bright BL Lac objects (e.g., Weistrop et 
al. 1981; Ulrich 1988; Remillard et al. 1989), the redshift of H1722+119 would 
be > 0.5 , and the luminosity would exceed 1046 erg s_1.
7.5.3 U V  Spectrum
To complement the multifrequency observations of H i722+119 given above, 
we investigated the archival spectra of H1722+119 in the data bank of the In­
ternational Ultraviolet Explorer (IUE). The observations were made on 1986 
September 25 (Long Wavelength Prime camera; LWP), 1986 September 27 
(Short Wavelength Prime camera; SWP), 1987 May 7 (LWP) and 1987 May 8 
(SWP). The integration times for the four spectra were 170, 300, 250 and 405 
minutes respectively. The data were retrieved at the IUE guest observer facility 
at Goddard Space Flight Center, and the data reduction was accomplished us­
ing the gaussian extraction routine (“bgex”; Urry and Reichart 1988). All the 
spectra are flat in the f \  — X plane and exhibit no obvious emission or absorption 
features over the combined SWP-LWP wavelength range (1230 Ä — 3250 Ä).
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Taking the 1986 September 25, 27 and 1987 May 7, 8 observations as two 
quasi-simultaneous spectra, the data were binned into 50 A bins and the 
power-law (a) slope was determined. For the 1986 September data we find 
auv =  2.35 ±  0.11 with a normalization of 0.46 ±  0.15 mJy at 2000 Ä. The 
May 1987 spectrum is flatter, with auv =  1.69 ±  0.12 and a normalization of 
0.31 ±  0.19 mJy at 2000 A. The spectral indices corrected for reddening are 
auv =  1.80 ±  0.11 and 1.13 ±  0.12 respectively assuming a gas-to-dust ratio of 
5.2 x 1021 cm-2 mag-1 (see section 7.6).
The combined X-ray, UV, optical, IR, and radio spectral distribu­
tion is shown in Figure 5. Fluxes were calculated from the optical and infrared 
photometry using the zero magnitude calibration of Allen (1973) and Campins 
et al. (1985) respectively. All the available radio data have also been plotted. 
No corrections for galactic absorption or reddening have been made at any 
frequency. The average 2 — 10 keV X-ray flux and 3000 A — 7000 A optical 
flux of H1722+119 determine a ratio, fx/fopt = 1.2 (given in the observers rest 
frame, since z is unknown). This value is typical of other BL Lac objects.
7.6 D isc u ss io n
The three 2 — 10 keV observations of H1722H-119 suggest that the X-ray source 
is persistent, with an average flux of 2.5 x 10-11 erg cm-2 s-1 and variability 
less than a factor of 2. Optical observations show definite variability in both 
continuum level and shape, with a range of 14.9 — 15.8 in V mag. The optical 
spectrum taken in 1985 June and the 1987 photometric results both describe 
an optical power-law index of 1.2, while the 1988 February spectrum is both 
brighter and shows a steeper index of 2.0. We have observed a continuous 
rise in radio flux during the time we have monitored the BL Lac object, from 
63.7 ±  1.0 mJy in 1985 September to 99.7 ±  0.1 mJy in 1988 May, each at
1.4 GHz. The radio spectral index between 1.4 GHz and 8.4 GHz seems to have 
remained constant at a  = —0.2 during this time; however the VLA 4.9 GHz -
1.4 GHz spectral index is a = 0.04, which indicates either a substantial change 
in radio flux between 1988 April and May, or a greater complexity in the radio 
spectrum than we have assumed here. All of these observations from X-ray
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H 1722+119 BL Lac
log v (Hz)
FlG. 5 .— Broad-band Spectrum
The broadband spectrum of H1722+119 from radio to X-ray wavelengths. The data were 
not taken simultaneously, but all of the results have been plotted to illustrate the combined 
measurements and to indicate the evidence of variability. The monchromatic flux for both 
HEAO-1 and Uhuru is shown at 4.5 keV, the logarithmic center of the 2-10 keV energy 
band. The MPC spectrum is indicated by the “bowtie” error box between 2 and 10 keV 
and shows 95% confidence limits for the power-law slope. The IUE and optical spectra are 
indicated by solid lines, while the photometric results are shown as filled squares. With 
the exception of the spectra, all error bars (1 a )  are smaller than the plotted symbols 
unless indicated otherwise.
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to radio frequencies suggest frequent variability, but the amplitude is within a 
factor of two of the mean values, and the changes in spectral shape have been 
relatively minor.
Since both UV and X-ray spectral data are available for 
H1722+119, we investigate the extrapolation of the UV continuum to X-ray 
energies. The mean flux density at 2 keV, assuming an energy index of 1.3, is 
4.0 mJy . The mean, corrected flux density of 1.68 mJy at 2500 Ä is obtained 
by averaging the IUE spectra and correcting for galactic absorption by as­
suming (1) a neutral gas column density of 8.56 x lO20 cm-2 (see Section 7.3), 
(2) a gas-to-dust ratio, Nh/E(B — V) = 5.2 x 1021 cm-2 mag-1 (Van Steen- 
berg and Shull 1988), and (3) the reddening curve of Seaton (1979). Taking 
the most conservative case, we compare the lowest 2 keV flux (MPC) with the 
extrapolation of the flattest UV spectrum (1987 May), and we find that the ex­
trapolated, corrected UV spectrum underestimates the X-ray flux density by a 
factor of 2. If, on the other hand a gas-to-dust ratio of 5.8 x 1021 cm-2 mag-1 
is adopted (Savage and Mathis 1979), then the X-ray flux is underestimated by 
a factor of 3. The lack of simultaneous observations precludes any direct con­
clusions whether there is a single power-law component that will fit from UV 
to X-ray frequencies. However, the signs of a UV deficiency warrant further 
investigation.
A commonly employed method for comparing emission at X-ray, 
optical-UV, and radio frequencies is to compute the broad-band spectral in­
dices between continuum points in these three regions. Stocke et al. (1985) 
used the flux at 2 keV, 2500 Ä and 5 GHz to form an X-ray to optical index, aox 
and an optical to radio index, aro (a defined as above), to compare the proper­
ties of a sample of blazars. They found that the X-ray selected BL Lac objects 
lie in a well defined region of the aox — ar0 plane with aox <1.0  and a ro ~  0.4 
and distinct from the radio selected objects which have steeper indices. Since 
simultaneous observations at all of these frequencies are not available, we es­
timate the spectral indices for H1722+119 using the average measurements. 
The radio flux density at 5 GHz is the single (VLA) measurement (94.7 mJy) 
available at that frequency. Similarly, we calculate the broad-band indices be­
tween 2 keV, 4000 Ä, and 1.4 GHz, denoted in the literature as ßox and /?ro, 
and we use the average radio flux density at 1.4 GHz from Table 1. The values
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of all of these broad-band indices are included in Table 1, and we report both 
the uncorrected values and those corrected for extinction and absorption, as 
outlined in the preceding paragraph.
In order to minimize the effects of variability, the indices given in 
Table 1 were calculated from average flux values at the various continuum 
points rather than specific values. Spectral indices may also be determined 
for the extreme values of the flux to describe an observational envelope for 
the spectral indices. We find that 0.21 < ßTO < 0.33; 0.82 < ßox < 1.13 for 
uncorrected and 0.15 < ßTO < 0.27; 0.92 < ßox < 1.24 for corrected data.
We may also compare the near infrared properties of H i722+119 
with other BL Lac objects. The IR colours (Table 2) allow comparison with 
the work of Allen et al. (1982) and placement on the J-H, H-K plane. We 
transform our colours from the MSO to the A AO colour system (Elias et 
al. 1983) and find that the position of H1722+119 is consistent with their 
radio-selected sample, lying in the power-law locus with a  = 0.77. The radio 
spectral index a raa = 0.04 (1.4 to 4.9 GHz) is also similar to the mean value 
of the sample of Allen et al. (1982), a rad =  —0.01 (2.7 to 4.9 GHz), suggesting 
that H1722+119 has both IR and IR-radio properties similar to radio-selected 
BL Lac objects.
H1722+119 is the first example of a highly polarized BL Lac object 
selected through its X-ray emission. While its optical polarization is at a level 
much more typical of radio-selected objects, the X-ray to optical luminosity 
ratio (~  1.2) is comparatively much higher and is similar to the values among 
the X-ray selected group. The mean level of optical polarization of all the X-ray 
selected objects with published polarimetry is < 5 % and none have measured 
wavelength dependence of polarization. The polarization of H1722+119 is 
highly wavelength dependent (Figure 4), decreasing into the infrared. This 
characteristic has been discussed in terms of a two-component synchrotron 
model by Brindle et al. (1986).
The polarization properties of H1722+119 are consistent with pre­
vious statistical studies of blazars which found that for those objects displaying 
significant wavelength dependence of polarization, the fractional polarization
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generally decreased with increasing wavelength, and that wavelength depen­
dence of position angle was rare (Sitko et al. 1985, Brindle et al. 1986). Ex­
planations for wavelength dependence of polarization have focussed on either 
multiple or single component synchrotron source models. In the former case, 
independent emission regions possessing different polarization properties, vary 
in both flux and polarization and sum to produce the observed wavelength de­
pendence (e.g., Puschell et al. 1983, Brindle et al. 1986). The latter model is 
similar but relys on varying field and particle parameters within a single plasma 
of relativistic electrons to produce regions of differing polarization properties 
(Nordsieck 1976, Björnsson 1985). The dilution of the polarized synchrotron 
component by a host galaxy may also produce wavelength dependent polar­
ization, however the lack of a host galaxy detection in the CCD image and an 
implied redshift z > 0.1 (Section 7.5.2) suggests this is not the origin of the 
dependence for H1722+119.
In the case of H1722+119 the lack of position angle dependence 
on wavelength suggests that the different regions of a multiple component 
model must possess similarly aligned magnetic fields but varying polarization 
fractions. Brindle et al. (1986) have considered a two component model in the 
context of the aligned jet interpretation of BL Lac objects (see also Holmes et 
al. 1984). In this model, the two components are associated with the inner 
region of the jet, one with the steady part of the jet and the other with the 
variable instabilities of the jet flow. The applicability of this model could 
be strengthened if spectral breaks or significant curvature were observed in 
the IR-UV spectrum of H1722+119. However, the investigation of multiple 
emission components requires contemporaneous, multifrequency observations, 
which are unavailable at present.
In summary, the BL Lac object H1722+119 is the optical identifi­
cation for the HEAO-1 X-ray source 1R17-20+117 (=4U1722+11). The object 
possesses all the properties of the BL Lac class, including a smooth and fea­
tureless optical spectrum, strong optical-infrared polarization, and variable 
optical and radio emission. H1722+119 differs from other X-ray selected BL 
Lac objects in its high optical-infrared polarization and strong wavelength de­
pendence of polarization, but is similar in other properties. Variability has 
been observed in both the optical and radio continua.
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7.7  S ource M o d els  for H 172 2 + 1 1 9
The power-law nature of the broad-band spectrum and high degree of linear 
polarization observed in BL Lac objects suggests strongly that synchrotron 
radiation is the dominant radiation mechanism. The spectra of some objects 
have been successfully modelled from radio to X-ray wavelengths in terms of 
a number of Synchrotron components with different critical frequencies (e.g., 
Mkn 501; [Kondo et al. 1981]). X-ray spectral observations however, indicated 
a flattening of the hard X-ray spectrum in some BL Lac objects which required 
a modification of the simple picture. The Synchrotron Self Compton (SSC) 
model has been applied to explain these hard tails (Urry 1981, 1984).
Synchrotron radiation is produced when relativistic electrons spiral 
in a magnetic field. In the case where the energy distribution function of the 
relativistic plasma is a power-law with energy index p:
N( E ) d E  oc N(E)~P dE,
the resulting synchrotron radiation spectrum is also a power-law with spectral 
index:
_  (P ~  !)
2 '
In the SSC model, synchrotron photons are inverse Compton scattered to 
higher (X-ray) energies by the electron population that produced them and 
forming a flatter, hard X-ray spectral component. We follow the formalism of 
Urry (1984) which is based on the models of Jones, O’Dell, and Stein (1974) 
and Gould (1979), to derive the predicted SSC X-ray flux according to (see 
Madejski and Schwartz 1988):
S^(E)  = 0.129(9.14 x 10-5)Q^(a)2u*2 - 2 a —4 '—2a —2'O tO ° o t o
»2
V,
x In ( —  ) r4a" 6 z/-3a- 5 S ia+4 E -a ( I T * ) '
2 ( a + 2 )
( 1 )
where (E) is the SSC X-ray flux density (/zJy) at X-ray energy E  (keV), 
a is the optically thin spectral index, Sm is the flux density (Jy) at the self­
absorption turnover frequency vm (GHz), 1/2 is the upper frequency cutoff 
of the synchrotron spectrum (GHz), 0 is the angular diameter of the source
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(milli-arcseconds -  mas), z is the redshift, 6 is the Doppler beaming factor 
(<5 = (1 — ß 2)?/(I  — ß cos <j>) where ß is the angle to the line-of-sight and ßc is 
the velocity of the motion). The quantities g(a), um, eao and iao are functions 
of a (order unity) and related to the source geometry as defined by Gould 
(1979) (see also Urry 1984).
The magnetic field strength is derived from:
B  =  1-62 x 1CT2 u2m i2ao 94 S ' 2 ( r - ß z )  Gauss (2)
the Lorentz factor of electrons emitting radiation with a mean frequency of um 
is given by:
7m = 225 u -1 e - 2 (1±^ ) (3)
We note that equation 1 is valid only for: 7 <  E  < 7^ 1 /2 . The time for 
an electron radiating at vm to lose half its energy via synchrotron losses (the 
cooling time) is given by:
T1/2 =  5.1 x 1087~1 B~2 seconds (4)
When the angular size is estimated from the variability of the source, additional 
powers of <5 are introduced through 9 =  2cr / d or
e =  1.73 x n r 3 + mas (5)
z + 0.5 z2 w
where r  is the variability timescale in months and we have expanded the dis­
tance, d according to d = cHq1z (1 + 0.5 z) with Ho = 50 km s-1 Mpc_1.
For many compact radio sources, the X-ray flux density implied 
by equation 1 requires a large value of 8 (>► 1) to force agreement with the 
observed X-ray flux density. The prediction of very large X-ray fluxes is a 
restatement of the “Compton Catastrophe” (Marscher and Broderick 1981), 
and the large values of 6 have been interpreted as indicating highly relativistic 
bulk motion very close to the line-of-sight (Urry and Mushotzky 1982). This 
interpretation has been the basis for the belief that BL Lac objects are normal 
radio galaxies with an aligned jet (Miley 1981). The claim that relativistic 
bulk motion is a general characteristic of the BL Lac class (Urry et al. 1981) 
has been challenged however (Schwartz and Madjeski 1983) on the basis that 
the uncertainties in the data are too great and the question remains unresolved 
(Urry 1988).
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7.7.1 A pplication  of SSC to H 1 7 2 2 -fll9
In order to interpret the broad-band spectrum of HI722+119 in the context 
of the above theoretical framework, we must estimate the redshift, angular 
size and self-absorption turnover frequency (5J7 is relatively insensitive to the 
value of v2). The remaining parameters may be obtained from fitting the best 
available approximation to a simultaneous broad-band spectrum.
A lower limit of 2  > 0.2 has been determined from the lack of host 
galaxy “fuzz” detected in I and R band CCD exposures (see Section 7.5). In 
addition, we suggest an upper limit of z < 1.0 based on the observed redshift 
distribution of AGN (BL Lac objects, Seyfert galaxies and QSOs) within the 
HEAO-1 survey. We will use the conservative estimate of z > 0.2.
Since VLBI measurements are unavailable for H1722+119 an es­
timate of the angular diameter must be obtained from variability. We have 
observed a 32% change in the 8.4 GHz radio flux of H1722+119 over a period of 
13 months. If we take this change as true variability and invoke light crossing 
time arguments we find the size of the emission region, x, to be < 1.02 x 1016 m 
(0.33 pc) which corresponds to 9 = 0.12 5 mas at z — 0.2.
We may compare this emission region size with typical sizes derived 
from VLBI studies of other BL Lac objects. Eckart et al. (1986, 1987) have 
made VLBI measurements of six BL Lac objects and found all the objects to 
be resolved into one or more components. The typical size of the components 
are 1 — 10 pc. Breugel and Schilizzi (1986) in a study of Mkn 501 again found 
structure in the range 1 — 10 pc and we conclude that x = 0.33 pc is not 
unreasonable.
Simultaneous observations at all wavelengths are not available for 
H1722+119 but we form the closest approximation to such a spectrum by 
combining the 1987 May 25 UBVRI and JHK photometry and 1987 May 8 
IUE spectrum with the mean 2 — 10 keV X-ray flux, the Einstein Observatory 
HRI flux, IRAS data and all radio fluxes (Figure 6). The lack of variability 
in the optical and near-infrared photometry over a one week timescale (see 
Section 7.5.2) suggests that the IUE spectrum taken 2 weeks earlier can be 
considered as effectively simultaneous data and indeed, the two sets of data are
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found to join smoothly. We find that all the 2—10 keV X-ray flux measurements 
agree to within the 1 a uncertainties (Figure 5) which indicates that the source 
emits a relatively constant average X-ray flux. Assuming an X-ray spectral 
index of 1.3 the mean flux at 4.5 keV is 1.4 // Jy. We also plot the X-ray spectral 
constraints derived in Section 7.3. The BL Lac object was only detected at 
25 /im by IRAS (see Section 4.7) and we include this point together with 3 cr 
upper limits at the other IRAS measurements. Finally, we include all the radio 
data to form an average radio spectrum. The ultraviolet data were corrected 
for galactic absorption as described in Section 7.6 and the optical and near 
infrared correction was made with data from Bless and Savage (1972).
A best fit spectrum to the spectral data is also shown in Figure 6. 
A striking feature of Figure 6 is the accuracy with which the infrared-X- 
ray portion of the spectrum is described by a single power-law with index 
a = 0.95. The spectrum appears to turn over at log z/ ~  11 to a power-law 
with index a = 0.4 and we interpret this as due to self absorption. We fit the 
spectrum with a power-law for log v > 14 with index 0.95 and normalization 
of log f v — —1.909 (Jy) at log v — 14, and a parabola for logv < 14 (e.g., see 
Landau et al. 1986). The coefficients of the equation log /„ = a(log v 4- b)2 -f c 
were a = —0.142, b = —10.932 and c = —0.572 giving a turnover frequency 
of log v — 10.932 with log f u = —0.572, or um — 85.5 GHz and Sm = 0.27 Jy. 
We note that the optically thick (self-absorption) spectral index, a = —0.4, is 
typical of that seen in other AGN whose spectra are thought to be composed 
of multiple synchrotron components of different characteristic energy that sum 
to give a flatter than theoretical (a = —2.5) spectrum.
Before calculating the predicted inverse Compton X-ray flux we 
substitute equation 5 into equation 1 and express S„ in terms of the two most 
uncertain parameters: z and r. For a = 0.95, g(ct) = 0.8403, ea0 = 0.9318, 
iao = 0.1743 and um = 0.2082 (Urry 1984; Jones et al. 1974) giving:
S? =  1.02 x 1011 (1 + z)~3-9 (z + 0.5 z2)9-8 t ~ 9 '8 J - 15-7 ^Jy (6)
and taking z — 0.2 and r  =  13 months leads to a predicted 2 keV X-ray flux 
of
= 2.19 x 10"7 J -15-7 //Jy ( 7)
lo
g 
f„
 (
Jy
)
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FlG. 6.— H1722+119 Broad-band Spectral Fit
A “quasi-simultaneous” spectrum of 111722+119. The near-infrared -  ultraviolet data 
were taken within a two week time span and has been corrected for galactic absorption. 
All the radio data available has been plotted and IRAS observations are indicated by 
three upper limits and a data point at 25 ^m. The X-ray data include the HRI and mean 
2 — 10 keV flux at 4.5 keV with a spectrum of ax = 1.7 ± 0.7. The overall spectrum has 
been fitted with a power law with index a = 0.95 for log*/ > 14.0 and a parabola at lower 
frequencies. The turnover frequency um is indicated.
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The observed X-ray fluxes at 2 keV for the LASS, UHURU and Einstein MPC 
measurements are 3.63, 8.50 and 3.42 /zJy respectively (assuming ax = 1.7, see 
Section 7.3) giving an average value of S2 = 5.2 /iJy. The ratio of predicted to 
observed X-ray flux is then 4.2 x 10-8 indicating that the SSC model grossly 
underestimates the observed flux and that relativistic boosting is not required 
for these estimates of 2: and r  (i.e. 8 = 1). We may now derive the physical 
parameters described by equations 1 -  5:
9 = 0.12 mas
t l / 2 = 7.31 minutes
B = 252.34 Gauss
1m = 18.26
We investigate the dependency of 8 on r  and 2 in Figure 2 where a 
family of logr curves are plotted in the log z — log <5 plane. The (solid) curves 
show the implied value of 8 for given z , for emission regions between 0.001 
and 1 pc (~  1 light day -  3 light years). The value of 8 was calculated by 
solving equation 6 assuming S„ = 5.2 //Jy, and consequently values of <5 < 1 
are derived when the predicted X-ray flux is less that the observed value. 
Where the predicted flux exceeds the observed value, relativistic boosting must 
be invoked (<$ > 1) to account for the difference. The values of 8 constrained 
by 2: > 0.2 and r  < 13 months are indicated by the arrows in Figure 7.
Also shown in Figure 7 is a dashed line indicating the solution 
found by requiring that the variability timescale be equal to the synchrotron 
cooling time derived from equation 4. The very short timescale (7 minutes) 
derived for the cooling time for 2: = 0.2 and r  = 13 months, seems improbable 
since it is likely that variability be seen on that timescale. The characteristic 
timescale for variability could reasonably be expected to be of the same order 
as the injection rate of relativistic electrons. The solution for z = 0.2 implies 
a timescale r  =  ti/2 = 2.6 months which results in a predicted X-ray flux of 
1.53 fj.Jy, very close to the observed value of 5.2 /xJy and still not requiring 
8 > 1. The new values for the physical parameters listed above for z = 0.2 
and r  = 2.6 months are:
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H1722+117 R ela t iv is t ic  B oost ing
log t  (m ths)
F ig . 7 .— Hl722+110-Relativistic Boosting
The implied value of <5, the relativistic boosting factor, is given for various values of r , the 
variability timescale (in months), and redshift. All scales are logarithmic. The region of 
the plane constained by z > 0.2 and r  < 13 months is indicated with arrows. The solution 
obtained by requiring r = t1/2 is indicated with the dashed line.
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9 = 0.02 mas
t i /2 = 2.60 months
B  =  0.40 Gauss
lm = 455.97
We note that the emission region size derived from source variability is an upper 
limit which therefore allows all smaller values. Our estimate of the redshift of 
H1722+119 is a lower limit but we do not expect the redshift to greatly exceed 
1 based on the redshift distribution of other BL Lac objects (and other AGN) 
detected by HEAO-1. From Figure 7 it may be seen that large values of 6 
(> 10) are not required for r  = ti/2- We conclude that relativistic boosting is 
unlikely to be required to explain the X-ray flux with the SSC model.
7 .7 .2  M a g n e tic  F ie ld  S tr en g th  o f  H 1 7 2 2 + 1 1 9
Having estimated the magnetic field strength based on the SSC model we make 
a comparison with values derived from self-absorption and minimum energy 
arguments.
Given the single component synchrotron interpretation of the 
broad-band spectrum of H1722+119 as shown in Figure 6, we may estimate 
the magnetic field strength, implied by the self-absorption turnover frequency, 
vm from (Tucker 1967, equation 3-85):
’ ,W15Sm2d
where x is the size of the emission region expressed in pc, d is the distance 
in pc and 5m is the flux at the turnover frequency (i/m in Hz) in units of 
erg cm-2 s-1 Hz-1 (10-23 Jy). Expanding d and substituting vm = 85.5 x 
109 Hz and Sm = 0.27 x 10~23 erg cm-2 s-1 Hz-1 gives:
B  = 483.61 x4 (z + 0.5z2)-4 Gauss (9)
or in terms of variability timescale
( 8 )
5  = 2.05 x 10 4T4 (z +  0.5z2) 4 Gauss ( 10)
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Taking z =  0.2 and r — 13 months gives a magnetic field strength of B = 
2.50 x 103 Gauss, however we have shown that a more likely variability timescale 
is 2.6 months which leads to B  = 3.92 Gauss. In this calculation we have 
assumed <5 = 1.
The second measure of the magnetic field strength may be obtained 
by summing the particle and magnetic field energy and assuming equipartition 
of these energies in the plasma. The toal energy may be minimized with respect 
to the magnetic field to obtain an estimate of the minimum magnetic field 
strength. For a region of radius R  and luminosity L we have (equation 7-14, 
Pacholczyk 1970):
Bmin
9 (1 -f- k) C\2 L 2 /7
( i i )2 4>R?
where k is the ratio of energy in heavy particles (protons) to electrons, 4> is 
the filling factor for field and particles and Cu is a quantity given in Table 8, 
Appendix 2 of Pacholczyk. We take k = (f> = 1, express L in terms of surface 
brightness and expand Cu to give (e.g., Perley, Willis and Scott 1979):
2 /7
B m in  = 4.62 X 10- 1 3
0.5—a —  r / ° * 5 —a  V2
2°‘(2a -  l)z  c5(2a + 1)_ ( 12)
where f u is the flux per arcsec2 at some frequency v in the optically thin part 
of the spectrum, v\ and v2 are the upper and lower frequencies over which 
the spectrum extends, a  is the optically thin spectral index and c5(2q + 1) is 
a constant tabulated in Appendix 2, Table 2 of Pacholczyk. In equation 12, 
Sv is expressed in Jy arcsec-2, 1/1 , zq and v in Hz and Bmin is in Gauss. We 
now express / u in terms of the emission region size, x and distance (redshift) 
according to:
f v = 7.03 x IO10 (z + 0.5 z2)2 x~2Si,
where S„ is the flux density (Jy) at frequency u (Hz) and x is in pc. Equation 12 
then becomes:
Bmin = 0.140 z~2/7(z + 0.5 z2)4/7x~4/7 (13)
where we have taken Su = 12.5 mJy at v = 1014 Hz, iq = 8.55 x IO10 Hz, 
i/2 = l x  1019 Hz, a = 0.95 and c5(2.90) = 7.95 x 10-24. Expressing equation 13 
in terms of the variability timescale gives:
- 4 / 7
B m i n  ~  1 .14-2  2 , 7 [ z  +  0 . 5 z 2) 4 / ' T (14)
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For z — 0.2, minimum magnetic field strengths derived for r  = 13 months and 
r  =  2.6 months are respectively Bmin = 0.18 Gauss and Bmxn = 0.44 Gauss.
We may derive values for the minimum energy and pressure from 
the minimum magnetic field strength using:
£m in = 9-26 x 1 0 ” 2 B 2min erg cm”3 (15)
P m in  = 3“4/7 tmin dynes cm-2 (16)
and give the quantities for both r  = 13 months and r  = 2.6 months:
T  — 13 r  = 2.6
B m i n 0.18 0.44 Gauss
^ m in 2.8 x 10-3 1.8 x IO '2 erg cm”3
B m in 1.5 x 10-3 9.6 x 10-3 dynes cm”2
In summary, we find the SSC model underestimates the observed X- 
ray flux for most reasonable choices of parameters suggesting that relativistic 
boosting may not be important in H1722+119. Assuming no boosting and a 
variability timescale derived by requiring that it be equal to the synchrotron 
cooling time, we find the magnetic field derived from the SSC, self-absorption 
and minimum energy equipartition models to be 0.40, 3.92 and 0.44 Gauss 
respectively. Given the large uncertainties in, and the strong dependencies on 
quantities such as r , we regard the three estimates to be in general agreement.
7.8 A cknow ledgem ents
This work was carried out under the US/Australia Cooperative Science Pro­
gram and we thank the Australian Department of Industry, Technology and 
Commerce and the US National Science Foundation for their support. We 
thank the time allocation committees of Mt. Stromlo, the AAO and the 
NRAO for granting telescope time to this project. We also thank Jeremy 
Bailey (AAO) for support while using the Hatfield Polarimeter, Alan Wright 
(CSIRO) for assistance at Parkes, and the Fleurs team of the University of
308
Sydney operating with Australian Research Council funding. We have bene­
fited from use of the Einstein Observatory data bank and thank Keith Arnaud 
for the analysis of the Einstein MPC data, providing the flux measurement and 
energy index reported here. R.A.R. acknowledges the support of NASA grant 
NAG8-493 and NSF grant AST 84-14591, R.J.V.B. acknowledges the support 
of a Commonwealth Postgraduate Research Award, and D.A.S. acknowledges 
support of NASA Grant NAG8-496.
7.9 R eferences
Allen, C. W. 1973, Astrophysical Quantities, University of London, The 
Athlone Press.
Allen, D. A., Ward, M. J. and Hyland, A. R. 1982, M. N. R. A. 5., 199, 969. 
Angel, J. R. P., and Stockman, H. S. 1980, Ann. Rev. Astron. Ap., 8, 321. 
Bailey, J., and Hough, J. H. 1982, P. A. S. P., 94, 618.
Bailey, J., Hough, J. H., and Axon, D. J. 1983, M. N. R. A. S., 203, 339. 
Björnsson, C- I. 1985, M. N. R. A. S., 216, 241.
Blandford, R. D., and Rees, M. J. 1974, M. N. R. A. S., 69, 395.
Bless, R. C., and Savage, B. D. 1972, Ap. J., 171, 293.
Brindle, C., Hough, J. H., Bailey, J. A., Axon, D. J., and Hyland, A. R. 1986, 
M. N. R. A. S., 221, 739.
Bunton, J. D., Jones, I. G., and Brown, D. R. 1985, Proc. Astr. Soc. Aust., 6, 
93.
Campins, H., Rieke, G. H., and Lebofsky, M. J. 1985, Astron. J., 90, 896.
Doxsey, R., Bradt, H., McClintock, J., Petro, L., Remillard, R., Ricker, G., 
Schwartz, D., and Wood, K. S. 1983, Ap. J. (Lett.), 264, L43.
Eckart, A., Witzel, A., Biermann, P., Johnston, K.J., Simon, R. and Kühr, H. 
1986, Astron. Astrophys., 168, 17
Eckart, A. 1987, Astron. Astrophys. Supply 67, 121.
Elias, J. H., Frogel, J. A., Hyland, A. R., and Jones, T. W. 1983, Astron. J ., 
88,1027.
309
Feigelson, E. D. et al. 1986, Ap. J., 302, 337.
Forman, W. et al. 1978, Ap. J. Suppl., 38, 357.
Ghisellini, G., Maraschi, L., and Treves, A. 1985, Astron. Astrophys., 146, 
204.
Gould, R. J. 1979, Astron. Astrophys., 76, 306.
Giommi, P., Tagliaferri, G., and Angelini, L. 1988, X-ray Astronomy with 
EXOSAT , Memorie S. A. It., 59, eds N. E. White and Pallavicini, in press.
Graham, J. A. 1982, P. A. S. P., 94, 244.
Gursky, H. et al. 1978, Ap. J ., 223, 973.
Holmes, P. A. et al. 1984, M. N. R. A. S., 211, 497.
Jones, I. G., Watkinson, A., Egau, P. C., Percival, T. M., Skellern, D. J., and 
Graves, G. R. 1984, Proc. Astr. Soc. Aust., 5, 574.
Jones, T. W., O’Dell, S. L., and Stein, W. A. 1974, Ap. J., 188, 353.
Jones, T. J., and Hyland, A. R. 1982, M. N. R. A. S., 200, 509.
Kondo, Y., Worrall, D. M., Mushotzky, R. F., Hackney, R. L., Hackney, K. R. 
H., Oke, J. B., Yee, H., Feldman, P. A., and Brown, R. L. 1981, Ap. J., 
243, 690.
Landolt, A. U. 1983, Astron. J., 88, 439.
Landau, R., et al. 1986, Ap. J., 308, 78.
Ledden, J. E., and O’Dell, S. L. 1985, Ap. J.,298, 630.
McGregor, P. J. 1987, private communication.
Maccacaro, T., Gioia, I. M., Maccagni, D., and Stocke, J. T. 1984, Ap. J. 
(Lett.), 284, L23.
Madejski, G. M. 1985 Ph. D. thesis, Harvard University.
Madejski, G. M. and Schwartz, D. A. 1988,Ap. J ., 330, 776.
Maraschi, L., Ghisellini, G., Tanzi, E. G., and Treves, A. 1986, Ap. J., 310, 
325.
Marscher, A. P, and Broderick, J. J. 1981, Ap. J. (Lett.), 247, L49.
310
Moore, R. L., and Stockman, H. S. 1981, Ap. J., 243, 60.
--------------- . 1984, Ap. J., 279, 465.
Mushotzky, R. F., Boldt, E. A., Holt, S. S., Pravdo, S. H., Serlemitsos, P. J., 
Swank, J. H., and Rothschild, R. H. 1978, Ap. J., 209, 653.
Nordsieck, K. H. 1976, Ap. J., 209, 653.
Pacholczyk, A. G., 1970, Radio Astrophysics, (San Francisco: W. H. Freeman 
Co.).
Perley, R. A., Willis, A. G., and Scott, J. S. 1979, Nature, 281, 437.
Puschell, J. J., Jones, T. W., Phillips, A. C., Rudnick, L., Simpson, E., Sitko, 
M. L., Stein, W. A., and Moneti, A. 1983, Ap. J., 265, 625.
Remillard, R. A., Bradt, H. V., Buckley, D. A. H., Roberts, W., Schwartz, D. 
A., Tuohy, I. R., and Wood, K. 1986, Ap. J., 301, 742.
Remillard, R. A., Brissenden, R. J. V., Buckley, E. Feigelson, D. A. H., 
Schwartz, D. A., Tapia, S., and Tuohy, I. R. 1989, accepted Ap. J..
Ricker, G.R., Bautz, M.W., Dewey, D., and Meyer, S. S. 1981, in ”Solid State 
Imagers for Astronomy”, Geary, J.C. and Latham, D.W., eds, Bellingham, 
Wash., Procs. SPIE, 290, 190.
Savage, B. D. and Mathis, J. S. 1979, Ann. Rev. Astron. Ap., 17, 73.
Schwartz, D. A., Doxsey, R. E., Griffiths, R. E., Johnston, M. D., and Schwartz, 
J. 1979, Ap. J. (Lett.), 229, L53.
Schwartz, D. A., and Madejski, G. M. 1983, Ap. J ., 275, 467.
Schwartz, D. A., and Ku, W. H. M. 1983, Ap. J., 266, 459.
Seaton, M. J. 1979, M. N. R. A. S ., 187, 73p.
Sitko, M. L., Stein, W. A., and Schmidt, G. D. 1985, Ap. J. Suppl., 59, 323.
Stark, A., Heiles, C., Bailey, J., and Sinke, K. 1989 in preparation.
Stocke, J. T., Liebert, J., Schmidt, G. D., Gioia, I. M., Maccacaro, T., Schild, 
R. E., Maccagni, D., and Arp, H. C. 1985, Ap. J., 298, 619.
Tucker, W. H., Radiation Processes in Astrophysics, 1975, The MIT Press 
Cambridge, Massachusetts, and London, England, p. 143.
311
Ulmer, M. P., Brown, R. L., Schwartz, D. A., Patterson, J., and Cruddace, R. 
G. 1983, Ap. J. (Lett), 270, LI.
Ulrich, M. H. 1988, in “BL Lac Objects: 10 Years After”, L. Maraschi ed., 
Proc. IAU Colloquium, Como, Italy, June, 1988.
Urry, C. M., Mushotzky, R. F., and Holt, S. S. 1986, Ap. J ., 305, 369.
Urry, C. M., and Reichart, G. 1988, IUE Newsletter, 34, 95.
Urry, C. M. 1984, Ph. D. Thesis, The Johns Hopkins University.
Urry, C. M., and Mushotzky, R. F. 1982, Ap. J ., 253, 38.
Urry, C. M., Mushotzky, R. F., Kondo, Y., Hackney, K. R. H., and Hackney, 
R. L. 1981, Bull. APS, 26, 583.
van Breugel, W. J. M., and Schilizzi, R. T. 1986, Ap. J., 301, 834.
van Steenberg, M. E. and Shull, J. M. 1988, in “A Decade of UV Astronomy 
with the IUE Satellite”, Proc. IUE Symposium at Goddard Space Flight 
Ctr., April, 1988, E. J. Rolfe, ed., ESA Publications Div., ESTEC, Noor- 
wijk, The Netherlands, vol. 2, 219.
Weistrop, D, Shaffer, D. B., Mushotzky, R. F., Reitsema, H. J., and Smith, B. 
A. 1981, Ap. J., 249, 3.
Wood, K. S. et al. 1984, Ap. J. Suppl., 56, 507.
312
8. S u m m a ry  a n d  C o n c lu s io n s
8.1 T h e s is  S u m m a ry
As the program to optically identify the remaining HEAO-1 X-ray source draws 
to a close, it is clear that the all-sky survey contains a rich variety of AGN. The 
broad-band spectra of well observed AGN shows that the energy emitted per 
logarithmic frequency interval is roughly equal between the radio and X-ray 
spectral regions, and we are motivated to study a sample of X-ray selected AGN 
at other frequencies, with the aim of understanding the AGN phenomenon by 
identifying common components and the relationships between them.
In this thesis we describe the discovery of 13 previously unknown 
emission-line AGN (Chapter 2) and one BL Lac object (Chapter 7), and form 
a sample of 35 AGN with 21 other newly identified objects from the HEAO-1 
survey. The sample is comprised of 24 Seyfert 1 galaxies, 8 quasars and 3 BL 
Lac objects with a redshift range 0.01 < z < 0.24 and a V magnitude range 
14 < V  < 17 (§4.9). Redshifts for 2 of the BL Lac objects are unknown. 
We note that only one of the AGN suffers from substantial underlying host 
galaxy contamination, the remaining objects appearing as stellar-like objects 
on SRC and Palomar photographic plates. Multifrequency observations at X- 
ray, ultraviolet, optical, near-infrared, far-infrared and radio frequencies are 
described and the data presented for the sample (§4.2 —§4.8). The data are 
used to construct the broad-band Spectral Energy Distributions (SED) for 
each AGN from which we derive a number of parameters (§5.2). Line flux 
measurements for the emission-line AGN are also presented (§4.9).
The broad-band SED for the majority of the sample AGN are well 
described by a power-law connecting the near and far-infrared and X-ray con- 
tinua, an optical -  UV excess (big blue bump) lying above the power-law and 
a radio component that lies below the extrapolation of the power-law as a sep­
arate component (§5.2). In contrast, the optical -  infrared data for the 3 BL 
Lac objects and 2 radio-loud quasars generally joins smoothly with the radio
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spectral component. Multiple optical and near-infrared photometric observa­
tions are available for some objects and show evidence for variability at optical 
but not near-infrared wavelengths.
The infrared -  X-ray power-law index defined by /„ oc v ~°‘ix, is 
remarkably uniform throughout the sample with:
a.{x = 1.03 ±  0.15
where the error is the dispersion about the mean (§5.2). A power-law ex­
trapolation of the near and far-infrared data predicts the X-ray flux to within 
3 cr for 80% of the sample suggesting a common origin. The distribution of 
the near-infrared colours of the sample is best described by a mix of a v~l 
power-law and a normal galaxy component, however the colours of the major­
ity of AGN are consistent with a pure power-law (§5.5.1). The distribution 
of colour indices formed from the far-infrared data are consistent with those 
of BL Lac objects and quasars (§5.5.2). In addition, strong correlations are 
found between the near and far-infrared flux and luminosities, and between the 
infrared and X-ray luminosities (§5.7.2). We interpret these resuts as support 
for a nonthermal origin for the near and far-infrared radiation.
The broad-band spectral indices connecting the X-ray, optical and 
radio continuum are used to investigate the combined present and HEAO-A2 
samples of AGN (§5.6). The optical -  X-ray properties of all the AGN are 
very similar, but the AGN separate into a radio-loud and radio-quiet group 
in the a ox- a ro plane. The correlation between radio and X-ray luminosities 
is strong for the full sample, but very weak for the radio-quiet and radio-loud 
groups alone, supporting the notion the the radio component is unconnected 
to the X-ray -infrared power-law and plays little part in determining the global 
properties of the (radio-quiet) AGN. The weak correlation that is seen may be 
due to a compact radio component common to all AGN.
We investigate the big blue bump and find a wide range of behaviour 
in striking contrast to the uniformity of the underlying infrared -  X-ray power- 
law index (§5.9). The excess over the power-law is measured by the parameter 
B40 which succeeds in separating objects into extreme, intermediate and no­
bump classes. This is first study to consider the bump properties of a sample of
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objects in a quantatative manner. The 8 objects with extreme big bumps are 
found to have the highest X-ray and Rß  luminosities of the sample. Assuming 
a similar bump shape for all AGN, implies that B40 is a measure of the total 
bump luminosity. The extreme bump objects then possess a source of ionizing 
ultraviolet photons in addition to the underlying power-law continuum which 
are very efficient at producing Rß.  The correlation between the big bump and 
X-ray luminosity may arise if the X-ray radiation directly produces the bump 
luminosity, for example by the heating of a accretion disk.
Strong correlations are also demonstrated between the Rß  and 
[0 III] A5007 luminosities and X-ray luminosity, the Rß  -  X-ray relationship 
being tighter (§5.7.3). The slope of the correlation fit between the X-ray and 
Rß  luminosities (~  1) suggests a constant covering factor for the BLR from 
one AGN to the next. The weaker correlation in the case of [0 III] may indicate 
a variable covering factor or variations in density in the NLR which is located 
further away from the central source of ionizing X-ray radiation.
The relationship between optical Fe II emission and various other 
AGN properties is investigated (§5.7.3, §5.8). The EW Fe II decreases with in­
creasing FWHM Rß  and may be explained if the Fe II is collisionally de-excited 
by turbulent motions of the broad-line clouds. This suggests a connection be­
tween the large scale motions of the clouds (reflected in the widths of Rß)  and 
the small scale turbulence responsible for the de-exitation of Fe II. The strength 
of Fe II may also be related to the slope of the X-ray spectrum (Remillard et 
al. 1986). We extend the plot of Wilkes et al. (1988) with the addition of 
three new objects and increase the significance of the correlation. The sense 
of the relationship between the X-ray slope and Fe II emission (softer X-ray 
spectra and increased Fe II) is contrary to theoretical predictions. In addition, 
Wilkes et al. suggest that the oft noted Fe II -  radio anti-correlation may be 
secondary to the primary Fe II -  X-ray connection. The high radio luminosity, 
strong Fe II and steep X-ray spectrum of the quasar H0557—503 strengthens 
this view.
The broad-band spectrum of the quasar H0557—503 is investigated 
in detail (Chapter 6). The object possesses an extreme big blue bump which 
we model as the emission from an optically thick, geometrically thin, classi­
cal steady-state accretion disk. X-ray spectra from EXOSAT  and ultraviolet
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spectra from IUE offer the most convincing evidence to date for a big blue 
bump that extends from optical to X-ray energies. The data constrain the 
model to require highly super-Eddington luminosities corresponding to very 
low black-hole masses (~ 107 M®) and high accretion rates (~ 100 M® yr-1). 
The data seriously challenge the current models for the big blue bump, and 
further X-ray spectral observations of the object with GINGA will provide 
theorists with the basis for the next generation of models.
We detail the discovery and spectral analysis of the BL Lac object 
H1722+119 (Chapter 7). The object is the first example of an X-ray selected 
BL Lac objects to exhibit a high degree of fractional polarization. The polar­
ization is strongly wavelength dependent, increasing from infrared to optical 
wavelengths. The object may be the first example of a “transition” object 
between radio and X-ray selected BL Lac objects. The broad-band spectrum 
of H I722+119 is analysed in the context of the SSC framework. The model 
underestimates the X-ray flux for most reasonable choices of parameters sug­
gesting that relativistic boosting may not be important in the object. Values 
for the magnetic field are derived from the SSC, self-absorption and minimum 
energy equipartition models and are found to be 0.40, 3.92 and 0.44 Gauss 
respectively, in general agreement given the large uncertainties in, and strong 
dependencies on, quantities such as the variability time scale.
The work presented in this thesis highlights the value in approach­
ing the study of AGN with broad-band observational techniques. The uni­
formity of oiix and the range of B40 are two examples of the type of result 
unobtainable with single waveband studies.
8.2 F u tu re W ork
The conclusion of the HEAO-1 identification program in early 1990 will result 
in a catalogue of ~  700 sources of which ~  200 are AGN. The results presented 
here leave no doubt that a study of the complete, flux-limited, all-sky sample 
will result in major advances in our understanding of AGN. The larger numbers 
and complete nature of the sample will allow properties such as the luminosity 
functions for the various classes of AGN to be determined.
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The next generation of space-based missions will have an enormous 
impact on the way we view and study AGN. Lovers of big blue bumps wait 
with eager anticipation for the first results of EUVE which will probe the 
wavelength region between the extreme UV and soft X-ray. The question of 
whether the bump continues from the optical to the X-ray and its exact shape 
will surely be solved. The ROSAT  mission will be to X-ray astronomy what 
IRAS  was to infrared astronomy, producing an all-sky catalogue with great 
positional accuracy. The work of this identification program suggests however, 
that the task of identifying the actual optical counterparts may not be as 
straight forward as might be hoped! The AXAF  mission scheduled for launch 
in 1995 will have the biggest impact on X-ray spectroscopy. The need for this 
telescope is clearly evident when we realize how little we presently know of the 
X-ray spectra of AGN and other classes of X-ray source.
The future of both AGN research and space astronomy are closely 
linked and equally exciting. Broad-band studies coupled with the increasing 
number of AGN discovered through all-sky surveys will provide both the an­
swers to many current questions, and the questions for many future studies.
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